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INFLUENCE OF DIVERSION ON THE MISSISSIPPI 
AND ATCHAFALAYA RIVERS 


By E. F. SALIsBuRY,? M. AM. Soc. C. E. 


SYNOPSIS 


The effect of an outlet, operative at all stages, from the Mississippi River 
into the Atchafalaya River, is discussed in this paper. This continuous 
diversion decreases the volume of the Mississippi and increases that of the 
Atchafalaya. The result of this diversion is set forth and provides a means 
of proving or of disproving some of the present hydraulic theories and 
opinions. 

For present purposes, a like volume of water (bank-full stage) through 
the various years, and the passage of this like volume of water past. the 
gauge station as registered by the gauge height are analyzed at points on both 
rivers. : 

On the Mississippi River, gauge stations are analyzed where they are not 
affected, as well as where they are affected, by continuous diversion, in order 
to obtain comparative data and to place before the mind of the reader some 
of the ordinary causes that influence the variation in gauge height for the 
same volume of discharge. This analysis shows: (1) That at points not 
affected by diversion operative at all stages, the same volume of water is 
now passing at the same elevation as in earlier years; (2) that the Mississippi 
River has conformed itself to the hydraulic theory and increased its slope 
as the volume has been diminished by diversion; and, likewise (3), the 
Atchafalaya River has conformed itself to the hydraulic theory and flattened 
its slope as its volume has been increased through diversion. 


INTRODUCTION 
At only one point in the entire reach of the Mississippi River is its water 
diverted at practically all stages, namely, at Red River Landing (Angola, 
La.), about 190 miles up stream from New Orleans, where it is diverted into 


Nore.—Discussion on, this) paper will be closed in February, 1936, Proceedings, 
1Chf, Engr., L. & A. Ry., Minden, La. 
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the Atchafalaya River. The result of this diversion is clearly reflected in the 


available data and should prove or disprove present theories and opinions. 
In his study of sediment-bearing streams, Guglielinini, an Italian engi- 

neer of the Seventeenth Century, advanced the hydraulic theory? that: (1) 

The greater ‘the quantity of water a stream carries, the greater will be 

its fall; (2) the greater the force of a stream, the less will be the slope of its 

bed; and (3), the slope of the bottom in rivers will diminish in the same 

proportion in which the body of water is increased, and vice versa. 
Commenting on this theory, Humphreys and Abbot state”: 


“* * * These rules have their explanation in the facts, that the beds of 
rivers, of the character above mentioned, are capable of resisting, unchanged, 
only a certain velocity of current; and, on the other hand, that the sedi- 
mentary matter, contained in the river-water requires a certain degree of 
velocity to keep it in suspension. From the counteracting tendencies of the 
above two causes, a mean becomes established at which the current ceases 
to deposit its sediment, and the bottom ceases to be abraded; in other words, 
the bottom becomes permanent. _But if, from any cause, such as throwing 
off a portion of the water through a waste-weir, the velocity of the current 
is diminished, it is no longer able to maintain its sediment in suspension, but 
will continue to deposit in its bed; until, through the elevation .of the bed, its 


velocity. again becomes, what it was before it was disturbed, sufficient to 


maintain its sediment in permanent suspension.” 


While he was a member of the Mississippi River Commission, the late 
James B. Eads, F. Am. Soc. ©. E., clearly and ably expounded this same 
theory. In a letter to: the Mississippi River Commission* dated April 12, 
1882, he stated emphatically that, in flood time, the current cannot be checked 
in the slightest degree without causing a depositién of some part of the sedi- 
ment. In this connection he named three controlling factors that are involved 
in every problem presented by the characteristic phenomenon of the 
Mississippi River: (1) The force of the current; (2) the frictional resistance 
of the river bed; and (3) the intimate relation between the quantity of sedi- 
ment carried’in the water, and the velocity of the current. If the current is 
increased or decreased from any cause (such as the friction between the water 
and the bed of the stream) the quantity. of sediment carried in suspension is 
likewise increased or decreased. If the volume is diminished, the ratio of 
friction to volume will be increased; and, conversely, if the volume is increased 
the ratio of frictional resistance will be decreased. 

Diagrammatically, Mr. Eads demonstrated the rapidity with which frie- 
tional resistance increases if the sedimentary river is. divided into two or more 
channels. Unless the two new channels have steeper slopes it is impossible 


for the water to flow as fast as it would in the original, single channel. Quot-— 


ing from the letter: 


“There are no truths more capable of complete demonstration or more 
generally recognized, by hydraulic engineers than these and the effects 
already treated by. the Atchafalaya bear ample testimony to the soundness of 


. 2 “Report on the Physics and. Hydraulics of the Mississippi River’, by A. 
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the deductions thus advanced. For instance, the volume in the main river 
below the Atchafalaya outlet is decreased by the volume carried off through 
the Atchafalaya. Therefore, in proportion as the lower Mississippi has lost 
this volume the slope of the river or its flood line should be steepened. The 


. volume has been steadily increased in the Atchafalaya and as a natural 


result of such increase its slope has diminished.” 


If the foregoing theory is correct, the action of the Mississippi River at 
the point of almost constant diversion is a logical place to test its accuracy. 
Opposite Red River Landing the Red and Atchafalaya Rivers are virtually 
parallel to the Mississippi River (see Fig. 1), with a connection between 
the two called “Old River.” This junction has been ably compared to the 
capital letter, H. _ The right-hand side of the letter is the Mississippi River; 
the other side above the cross-bar, the Red River, and below the cross-bar, the 
Atchafalaya; the cross-bar connection, seven miles in length, is Old River. 
The direction of flow in Old’ River is dependent. on stages prevailing on the 
Mississippi and Red Rivers, the flow being most frequently from the Missis- 
sippi River through Old River into the Atchafalaya. This condition can occur 
at all stages of the Mississippi. The volume of water diverted from the Missis- 
sippi into the Atchafalaya decreases the volume of water in the Mississippi 
River below Old River. Therefore, if the hydraulic theory is correct, the 
slope of the Mississippi River below Old River should be increased. Further- 
more, as the volume in the Atchafalaya is increased by waters from the 
Mississippi, the slope of the Atchafalaya River should be diminished. 

“In testing the correctness of this hydraulic theory, it is necessary to 
follow a like volume of water through the various years and the passage of 
this like volume of water by the gauge stations as registered by the gauge 
heights. In selecting this like volume of water it should be close to the bank- 


- full stage of the river. This selection will give a desirable wide range of 


gauge readings for consideration not only in the different years, but during 
the same year. Furthermore (and this is very important), it represents the 
flow at bank-full stage, the form of the river which ‘all the forces acting on it 
during the ‘year are striving to create. The usual mistake made by river 
experts is to confine their discussions to flood stages, ignoring the forces 
acting during low water. <A flood acts but a comparatiyely short time and 


_. during the remainder of the 365. days the river modifies the. results which 


then occur. ; AM 

It is apparent from the discharge observations recorded by the Mississippi 
River Commission that the above requirements are fulfilled by a volume of 
1 100 000 to 1 200 000 cu ft per sec for the Mississippi River, and 300 000 cu ft 
per sec for the Atchafalaya River. In preparing the study for each gauge 
station, all gauges published by the .Mississippi River Commission .and 
measured with meters were used, falling within. 25000 cu ft per sec above 
or below the selected volume for the stations on the Mississippi River and 
15 000 cu ft per sec above or below the selected volume for the Atchafalaya 
River. The gauge for these volumes was adjusted to, give a gauge for the 
selected volume. Readings, measured with rods and floats were not used. 
All recorded readings were checked as to influence by crevasses and levee 
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changes. These volumes are close to bank-full stage and no effect from 
crevasses was found. At only one point was the gauge station affected by levee 
changes and the results are discussed subsequently. That crevasses and 
levee confinement have not had any measurable effect on the carrying capacity 
of the main river is substantiated by reports of the Army Engineers.‘ During 
the period of this analysis only two cut-offs occurred; one at Mile 680 (Water- 
proof), in 1884; the other at Mile 638 (Yucatan), in 1928. These cut-offs are 
approximately 100 miles away from the nearest gauge station used in this 
paper and are so distant that they would not have any measurable effect. 

To analyze the gauge and discharge record at any station it is necessary to 
understand that a silt-bearing river is somewhat human in its ability to. do 
more work at one time than another. It will discharge a given volume of 
water at different gauge heights, depending upon its physical condition and 
the movement of water. This phenomenon of the river’s capacity, to do 
more work at one time than another, as reflected by the passage of a given 
volume of water at different gauge heights is, for the purpose of this paper, 
termed its “efficiency.” 

It is generally recognized that the system used in taking discharge observa- 
tions of large rivers, especially during high stages, is subject to error, but 
that it is sufficiently accurate for practical purposes.- It is impossible to 
separate the factor of error in discharge measurements and the factor of river 
efficiency; both must be considered in river work. Therefore, it is consistent 
to embody the two in the term, “efficiency,” which is so used in this analysis. 

The variation in gauge heights for the same volume of water due to the 
efficiency of the river is clearly shown at gauge stations not influenced by 
unrestricted diversion; that is, uncontrolled diversion of water from the 
parent river at all stages, such as that from the Mississippi River into 
the Atchafalaya River. Three gauge stations selected for this purpose are 
those at Columbus-Wickliffe, Ky., and Helena, and Arkansas City, Ark. These 
three stations were selected over any of the other gauge stations because they 
furnish more readings of the selected volume. An analysis of a discharge of 
1200000 cu ft per. sec at these three stations is afforded by reference to 
Tables 1(a), 1(b), and 1(c). A summary of these data is given in Tables 2(a), 
2(b), and 2(c). 


CotumsBus, Kentucky, GauGE 


All the discharges used were measured with current meters and those 
varying by more than 25000 cu ft per sec from a volume of 1200000 cu ft 
per sec were rejected. Discharges measured with float or rod were not used 
in any of the studies of this paper. At the Columbus gauge (see Table 
1 (a)), the readings were adjusted to a basis of 1200000 cu ft per sec, using 
60 000 cu ft per sec per ft of gauge, as shown by the 1929 discharges. Only 
actual observed discharges for 1929 were used for the analysis of this record 
and no crevasses that would affect the readings were reported. 


4“§pillways on the Lower Mississippi River’, H. R. Doc. No. 95, 70th Cong., First 
Session, p. 4. i 
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TABLE 1.—Srupy or Gauce Recorps 


Gauge 
Gauge reading,* 

read- | Discharge, | in feet, 
Date ing, |in cubic feet|adjusted to 
‘ in per second | 1 200 000 
feet cubic feet 
per second 

(1) ' (2) (3) (4) 


(a) CoLuUMBUS (Ky.) Gauen, 22 Mites BrELow 


(BANK-FULL Stacn, 40 FEET; 


SUDWOH ROH Eb 


Carro, Itt. 
Fioop Sracez, 43 Frrr) 

ril 15, 1892..... 1 41. 1 203 000 41.2 
March 3, 1897..... 39 1 188 000 39.4 
‘February 1, 1898...| 40 1 228 000 40.0 
February 3, 1898...} 40 1 181 000 40.4 
February 4, 1898...| 39 1 177 000 40.0 
March 29, 1907....} 41. 1. 213 000 41.2 
April 24, 1911..... 41. 1 176 000 41.5 
March 3, 1923.....|, 43 1.219 000 42.7 
March 24, 1923....| 42 1 213 000 42.6 
April 29,1929. ....4| 42 1 174 000 42:9 
April 30, 1929..... 43 1 191 000 43.2 


Spr 
(b) Herena (ARxK.) Gavan, 307 Mites BELow 


EOI NI  DWIVOH on 00 


(BANK-FULL Sracs, 39.0 Fret; 


Carro, ILu. 

Fioop Sracs, 44.0 Fert) 
April 6, 1882...... 43 
May SFISOZGU....2 ‘A4 
May 4, 1892...... 44 
June 2,:1892...... 44, 
June 3, 1892 44 
June 4, 1892...... 44 
June 6, 1892..:..: 44 
June 7, 1892...... 44 
June 8, 1892...... 44 
June 9, 1892...... 44 
May 9, 1893...... 43 
May 10, 1893..... 43 
May 11, 1893..... 43 
March 25, 1908... .|. 45 
March 12, 1929... .] 42 
March 138, 1929....| 43 
May 3,1929...... 45 
May 4, 1929...,.:. 45 


1 210 000 43.1 
1 209 000 44.3 
1 206 000 44.5 
1-194 000 44.8 
1 177 000 45.1 
1 180 000 45.0 
1 185 000 44.9. 
1 177 000 45.0 

. 1 198 000 44.6 
1 203 000 44.7 
1 190 000 43.3 
1 210 000 43.1 
1 197 000 43.5 
1 228 000 44.6 
1 195 000 43.0 
1 219 000 43.4 
1 222 000 45.5 ° 
1 218 900 45.6 


NA ere Yet chet ESOL E SeR A Os Ee ee es 
(c) ARKANSAS, City (ARK.) Gauas, 437 -MILzs, 


pELow Carro, Itt. 


(BANK-FULL STaGs, 42 


Fert; Froop Stace, 48 Fret) 


March 14, 1890....| 48. 
March ‘25, 1890... .|. 49. 
March 28, 1890....} 49. 


April 4, 1890...... 48 
April 7, 1890...... 47 
April 9,1890...... 48 
April 11, 1890..... 47 
March 11, 1891....| 46 
March 16, 1891....| 46 


March 17, 1891.... 
March 18, 1891.... 


March 21, 1891.... 


March 28, 1891.....} 47 
April 25, 1891..... 47 
April 27, 1891..... 47 
April 29, 1891..... 47 
‘April 30,.1891..... 47 

ay 2; 1891...... 46 
June 27, 1892..... 47 
June 28, 1892..... 47 
June 29, 1892..... 46 
June 20, 1892..... 46 
May 5, 1893...... 46 
March 12, 1903 49 


March 27, 1923.... 
March 29, 1923.... 


CONWHAN TUE wWAwWrwwooDDHCOCOWNNN 


1 186 000] 48.5 
1 220 000 | 48.8: 
1 223 000} 48.7 
1221 000} 47.9 
1.187 000 | 48 2 
1.220 000 | 47.6 
1199 000} 479 
1212 000] 459 
1 209 000 | 46.7 
1 219 000 | 46.5 
1193 000} 47.1 
1 182 000'| 47.7 
1 214 000 | 47.0 
1 211 000 |. 47.3 
1-228 000 | 46.7 
1 228 000 | 46.9 
1 201 000 47.3 
1 189.000 |» 47.3 
1 186 000] 46.8 
1 201 000 |. 47/5 
1179 000| 47.6 
1 180 000 | 47.0 
1192 000] 46.3 
1 198 000 |: 4672 
1 198 000 | . 49.0 
1 184 000 | ~ 47.3 
1,174,000 |. 47.4 
1174000 | 484 


.* Except as noted in the case of Table 1:(e). 


{Gauge reading, Column (4), adjusted to 1 100 000 cu. 


Papers 


\ 


Gauge 
Gauge reading, * 
read- | Discharge, in feet, 
Date \|. ing, Jin cubic feet|adjusted to 
in per second | 1 200 000 
feet cubic feet 
per second 
(1) (3) (3) (4), 
(c) ARKANSAS City (ARK.) GauGE.—(Continued) 
March 21, 1923...| 48.6°| 1 224 000 48.1 
April 2, 1923..... 49.0 | 1 213 000 48.7 
April 3, 1923..... 49.1 |.1 197 000 49.1 
April 4, 1923.....} 49.4 | 1 203 000 49.4 
March 19, 1929...| 48.9 | 1 192 000 49.1 
March 20, 1929...| 49.5 | 1 213 000 49.2 
June 20, 1929... .} 49.3 | 1.206: 000 49.2 
June 21, 1929... .! 48.5 | 1 178 000 48.9 


Carro, ILL. 


(d) ‘CARROLLTON (La.) Gaucst, 964 Mites BELOW 
(BanK-FULL Sraan, 9.0 Frnt; 


Fuoop Srace, 17.0 Frenr) 


“April 7, 1883... 


February 2, 1885.. 
March 4, 1890.... 
March 7, 1890.... 
March 14, 1890... 
March 22, 1890... 
March 28, 1890... 
March 31, 1890... 


April 3, 1890..... 


April’4, 1890..... 
April 5, 1890..... 
April 7, 1890..... 


April 8, 1890..... 


March 4, 1891.... 
March 9, 1891.... 
March 10, 1891... 


| March 12, 1891... 


May 18, 1892.... 
May 19, 1892. ... 
June 4, 1892..... 
June 6, 1892..... 
June 8, 1892...... 
June 10, 1892.... 
June,12, 1892.... 


June 14, 1892.... 
June 19, 1893.... 
June 21, 1893.... 
‘June’ 22; 1893... .. 
June 23, 1893..... 


* June 26, 1893... .} 


May 3, 1898..... 
May 4, 1898..... 
April 23, 1904.... 
February 2, 1907.. 
February 5, 1907.. 
February 6, 1907.. 
February 7, 1907.. 
March 29, 1909... 
March 30, 1909... 


April 8, 1909 
April 9, 1912.’ 
April 10, 1912... 
April 11, 1912.... 


February 12, 1913. 
February 13, 1913. 
February 14, 1913. 
February 15, 1913. 


15.4 | 1 086 000 15.6 
13.5} 1 102 000 13.5 
14.9 | 1 110 000 14.7 
15,2 | 1.128 000 14.7 
Crevasse at Nita, Ky. —. 
15.9 | 1124 000 15.5 
15.5 | 1.106 000 15.4 
15.2 | 1 082 000 15:5 
15.6 | 1 106 000 15.5 
15.4 | 1 092 000 15.5 
15.3-} 1 102 000 15.3 
15.3 | 1 096 000 15.4 
15.2 | 1 091 000 15.4 
14.4 | 1 100 000 14.4 
14.6 | 1.093! 000 14.7 
14.9,} 1 114 000 14.7 
15.3 | 1 103 000 15.2 
16.2 | 1 083 000 16.5 
16.1 | 1 111 000 15.9 
16.6 | 1 091 000 16.8 
16.7 | 1 088 000 16.9 
16.7 | 1 121 000 16.3 
17.0 | 1 079 000 17.4 
Crevasse at Belmont, Ky., 911 
miles below Cairo, is- 
charge, 140 000 cu ft per sec. 
16.7 | 1 092 000 16.8 
17.0: | 1.089 000 1%.2 
17.2 | 1 120 000 16.9 
17.3 | 1 113 000 17.1 
17.5 | 1 106 000 17.4 
17.0 | 1 089 000 1Z/2 
15.6 | 1 096 000 15:7 ,, 
15.5 | 1 087 000 15.7 
15.7 | 1 091 000 15.9 
17.1 | 1 091 000 L7J2 
17.4 | 1 100 000 17.4 
17.5 | 1 090 000 1%3:7 
17.6 | 1 114 000 17.4 
15.9 | 1 110 000 15.7 
16.2 | 1 093 000 16.3 
16.2 | 1 107 000° 16.1 
16.4 | 1 095 000 16.5 
16.4 | 1 102 000° 16.4 
16.4 | 1 100 000 “16.4 
16.4 | 1 108 000 | :.16.3 
16.4 | 1 089 000 16.6 
16.4 | 1 118 000] © 16.1 
16.5 | 1,089 000 16.7. , 
16.5 | 1 091 000 16.7 
16.8 | 1 110 000 16:6 
17.2 | 1 104 000 17,1 
16.0 | 1 095 000 16.1 
16.2 |'1 099 000°} * 16.2 
16.4 | 1 099 000 16:4 
16.4 | 1 099° 000 “16.4 


ft. per sec. 
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TABLE 1.—(Continued). 
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Gauge Velocity, Discharge, Gauge reading,* 
Date reading, in feet, per in cubic feet in feet, adjusted 
in feet second per second to 1 200 000 cubic 
feet per second 
@ (2) (3) (4) (5) 
(d), CARROLLTON (LA.) GAuGE.— (Continued) 

February 16, 1913.........2..¢005. A SotsS aid he Acai to sce ee 1 091 000 16:7 
Hebruary 17) LOIS. ch os tse os 16,6 A Geen Greer eee 1 085 000 16.9 
February 18) LOLS bite ee 1 Chale CN SS Eee Psa 1 084 000 17.1 
February 19, EOLA eee wae tes TRS Oe ea We BGR, 1 101 000 LPO TR 
Hebruary. 2021913365 nee. bec) UZ ROR HAE see eee! Be 1 088 000 LHF, 
Eebruary, 2061913267) 4. 1. BLY, Ss ek PR PRS sce ee 1 112 000 16.8 
February. 23;,1913..../... 82.5 $56... LTR OG? SNR ec Cees sos 1 106 000 16.9 
February 24, 1913.02.15 .00.0N2.... thy GRU ae Sree as Acta 1 112 000 16,8 - 
Mebruary, 25; 1913004 so Gane Sales. LES ORS Pil staat gaat ees wah 1 087 000 17.1 
February DAses 1 N2U e Yae Sa  i re BU ie Merge 5 Mealeeers tonya 1 074 000 PES 
UN a5 87 Oya B10 RS amar a hc ae ge Get 1.” pebeeacen aeeeeane ease 1 124 000 LHS 
PADEUL DD LONG wstateeatie ernst 1 Ve hedts MALS by ca sien Sei 1 124 000 17.9 
SETS NYAS er eS we RP a A does Niner neg hae are 1 109 000 18.6 
DVRs yAGMALO US 224) b) do ot ce ebere sexs duals ddas LOOT ath ll Wea ete cc stas 1 118 000 18:7 
MVE gyal OY VOW Bea. oe cae wheitevo ahaha Mae ieee gira datas ak i oar ea ee 1 102 000 18.5: 
Misiyot OS VOUS ial take ste ote ck ait B52) Meets on Ore oka a 1 080 000 18.5 
May 20,1918 5Ai ESS Od. He, RIDE YOST G FS RET! 1 089 000 18.1 
Frelrutsry Uy A OUG. 2). ao hainis ya viene spe IGT OMGINT cro eich ear oaeee 1 123 000 16.2 
IIA EON Jao ayaialas sae siete VG, Gr IB ek toys seo 1 111 000 16.4 
ADR 28 01 020 mercer secant AG Ooo shaastaes Shae os 1 072 000 18.1 
April 2A 1920 Sec oven genaiips aeqe ame Picea das scale eisai ets \1 086 000 17.9 
Aral 25 O20). a2 dere dowtnare sete stskoahe 1s Gh WPA Eg Rem een Ee 1 085 000 18.1 
Apr A 1922. 8 sta ctyitlo let a.e slew ois. are A Ws PRIS HU, Rg 1 073 000 17.8 
PATA SAV ODO ie eck kept tes dha lesot dene tic a TY GB HR STi, AS sera 1 091 000 “18.8 
Arorali dl VIG29 is f-c5..9 siecnzvea 6 sarees DQ OSI i; Tra vearpuane toes teucusees ¥8 1 128 000 18.8 
HSS TAN M BT oe ie uM ine oN L/S aN AYR a ce ER oe 1 109 000 5 ides 
PAUL LAP LO LO tga so ais. 4: eievsiiiene 65 «Sy find Meee NLS SAS aR 1 078 000 17.8 
Apral 1541920. 0 so. rhee NL ‘Wy fey) Beane (Ae Sey 5 Sua a 1 102 000 ly 6 
G0) gt a oy tal OS) 212 Yegeemeaee ant sy eucarar ie ar ar ROR REA A ttt ieee 1-110 000. 17.5 
April 185192947... a wk. RRR 17.7 ALTA late 1 108 000 17.6 
PATTI Oli DO crt ees epee aie Vo oie aes 1.097 000 17.8 
Apt ZO NODS Tet des eb cine Pere opilecip.e NS (0) Gees i= ott ee oe Bo 1 124 000 17.6 
PA PEIOS ODOR ds ire tare heree osteo 1 a PA Paral De: a PS Laat 1 118 000 1779) 
ADI 24 PIOOO hits. satan tee nei c BSc Ste, lee cbeee se -| .1 111 000. 18.1 
MA DERIEZG: LODO asad Racis o te ioka tee ods scuenere yes NSO a ih tea tater nee 1 122 000 17.9 
ADU SOVLOIO Ss ons de oi sjensheleos psa sl SALE USS fT sezysite hy onsen he Bs 1 118 000 18.0 
June 26,1929. 0.02. reece Saee LR LARTER al A A ON 1 108 000 18.3 
INGDEVUATY (Sak OSS..| ak cian scree sas LET geil eeale withers sete ad 1.104 000 16.6 
February 10, MOBQ ah camera aera. 6 BP Of. oi els eb otos ab 1 091 000 17.2 
February 11, 1932..... Ot eidee eM Ales ME Vhs oe HOSE eta 1 107 000 17.0 
February 16, HO32 7.5 srk woe Berets me RED GEST RE escael Ghertgs hi 1 117 000 17.3 
March 16, 1932 FA Ah eR EE SRN 2 RR A EE 1 092 000 17.5 
ky (ey SimmusporT (La.) Gavert, 5 Mites BELOow THE Hap or ATCHAFALAYA RIVER. 
AEH (SIO eee aeons yihne peat 42.3 5.33 806 594 . 41.8 
Mbarch 28 BOR cant sree A f 40.9 4.69 296 482 41.2.5 
March 25,1890 oi. esi mialete e sieyere conn’ 41.0 4.68 301 000 41.0 
March 23) OL eee ane ke) oh ondlhnila aiden inten 40.9 4.61 293 244, 41.4 .. 
March 30: 1891s .Pi..6. cee ccheees 41.1 4.70 296 996 41,53, * 
April 4, 1891 BEALS yar bel Iet Saat le 41.1. 4.71 302 113 >» 40.9 
April 65 1 S90 Tee ease tele. ale Nvokote 41.1 4.80: 307 522 40.5 
April 9, NOB G55 aos shs lots ody seta tale|« 41.2 4.69 302 555 41.0 
April Me LOL wetienctec dn, nohereTeis Bite aks 41.4 4.76 306 075 40.9 
TEU Rope LOL Sede, acct oko chal eNerel vlerchorene te 41.4 4.72) 300 510 41.4 
Wiley COP LOO ria tists t=) ccvuclolansiare ele ete ti 41.7 5.10 ,303 049 41.5 
WEA I22 SUBD § Soo. s Peete ee Aes 41.8 4.93 296 983 42.0." 
May 24) TROD eisih.t .. Gaps s. fe ajathetat 41.9 5,07 302 257 ED A IONGs 
May 26, VR Dae cis... Rdnal «aye lays dyer 41.9 4.96). 299 479 ALS 
Miay 28;-1SO2 sti: map athe trees o's tes 42.0 5:11 306 556 41.5 | 
February PA AGOT 2 Aaa A eR 41.5 4,92 299 945 41:5 
February-16;- 1907... 05 ares Sees 41.9 4,90 289 262 42.8 
April 6, 1908 Abies, Fa Sed tate Sioeletis! adn at 39.9 5.04 290 389 40.7 

ay 4, LOGIN tc lostabe ies ete 42.1 5.08 299 270 42.1 
Misi OsLOOBiee ath Me dente ae: iar 42.3 5.15 310 578 41.5: 
NC LLO pCO Seca, woke pctnate opie tans 44,9 4.84 312 262 » 43.9 
April Sy LOUD F556 Gaon ners ois sta ts 43.4 4.95 290 348 44.2 
Arai 24) 10002, po. soins. wick 43.8 4.49 298 119 “44.0 
AIC D7 FOLD sites tos easton ebvets ne 44.3 4.41 % 297 512 44.5 
May 3, 19208. 20... Foscs « epee af 45.1 4.50 ~ 305 979 AAT 
Apnl 13; TOES er ee aa tie w cuetntade pit 42.7 4.69 ° ''311 061 41.8 


’ * Except as noted in the case ‘of Table 1 (ce). 
t¢ Gauge reading, Column (4) ade: i to 300 000 cu ft per sec. 
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* TABLE 1—(Continued). 


se se sc a ad a 
Se 
Gauge reading,* 


Gauge Velocity, _ Discharge, in feet, adjusted 
Date ; Treading, in feet per in cubic feet to 1 200 000 cubic 
in feet second per second feet per second 
(1) (2) (3) (4) 
(e) Simmesport (La.) Gaucet.—(Continued) 
July 17, 1928. 2... - eee eee eee enone 37.8 4.40 287 379 33.8 
July 21, 1928.........-0e eee seeeee 37.8 4.39 290 914 38.6 
April 6, 1929. ........-8.e essen oes 39.9 4.29 301 995 39.9 
April 10, 1929. ........sseseeee eee 40.5 4.42 310 596 39.7 
April 21, 1983. ........00s- esses 37.9 4.34 290 457 38.6 
April 22, 1933. ........00s2eeeeeee 38.8 4.39 298 232 39.0 
April 24, 1933....-....0eeee eee eee 39.0 4.33 299 665 39.0 
April 26, 1983. .........ss eee eeeee 39.3 4.37 297 111 39.5 
April 27 7198S s «6.6%. 2. Ce Tilete alors 39.6 4.34 302 736 39.4 
ay 1, 19382... 26. 0 Niels ee 40.1 4.48 315 364 39.0 
May 38, 1933,....6.-- 0s ee eh eee eee 40.6 4.50 315 306 39.5 
May 5, 1938..........- cece eee alee 40.9 4.43 315 515 39.8 
May 13,'19338. 005.5... 5. Sth see Ss 41.0 4,45 311 273 40.1 


* Except as noted in the case of Table 1 (e). 
+ Gauge reading, Column (4) adjusted to 300 000 cu ft per Sec. 


TABLE 2.—ComparaTIVE GAUGE VARIATION FOR A DISCHARGE* OF 
1200000 Cusic Fret rrr Srconp 


Gauces Heicuts, in Feet 


: Period | |-AAASY_ 
Maximum} variation for of Lowest Highest Varia- 
discharging the same record, _—AA AA J —_———— tion, 
volume of weter during: in in Foot 
years Date Read- Date Read- 
ing i 
(1) (2) (3) (4) (5) (6) (7) 
(a) CotumsBus-WIcKuirre (Ky.) Gavan STATION 
The earliest and latest 
recorded year} ...... 37 March 24, 1929....} 42.9 April 15, 1892...| 41.2 17 
Any one year........... 37 April 29, 1929...... 42.9 April 30, 1929...) 43.2 0.3** 
The 37-year period...... 37 March 38, 1897..... 39.4 April 30, 1929...1 43.2 3.8 


(6) Hetena (ArK.) GaucE STATION : 
Seen a ay 


The earliest and latest 

recorded year}t.......| 47 March 12, 1929....]| 43.0 | April 6, 1882....] 43.1 0.1 
Any one year...... 47 March 12, 1929....| 43.0 May 4, 1929....] 45.6 2.6 
The 47-year period. . 47 March 12, 1929....| 43.0 May 4, 1929....| 45.6 2.6 


(c) ARKANSAS CiTy (ARK.) GAUGE STATION 
DN a 


The earliest and latest 

recorded year t....... 39 June 21, 1929...... 48.9 March 25, 1890.| 48.8 oOo” 
Any one year........... 39 March 27, 1923....| 47.4 April 4, 1923....] 49.4 2.0 
The 39-year period...... 39 May 5, 1893....... 46.2 | April 4, 1993....| 49.4 3.2 


(d) Rep River Lanpinea (Anaous, La.) Gaucs Station $ 
es ESN ake (Claéedie «GYRE TD D0 OD Dn) nd aaa iar anal need in ae a 


The va es and latest E fos 

recor BOAT oe ates oe ebruary 17, 1932..| 49.0 June 20, 1882... x 
Any one year........... 50 February 15, 1913..) 45.9 | May 5, 1913.... oe ae 
The 50-year period...... | =—-B0 January 21, 1885...| 40.2 May 5,1913....| 50.4 10.2 


(e) CARROLLTON (La.) Gauges Sration$ 


The carllent and latest a ag 

recorded year......... ebruary 8, 1932...] 16.6 April 7, 1883.... 
Any one year........... 49 February 12, 1913..| 16.1 May 6, 1913.... ee oie 
The 49-year period. ..... 49 _| February 2, 1885...| 13.5 | April 6, 1922..._| 18.8 5.3 


(f) Summusrort (La.) DiscHarce OpsERvATION STATION, ON THE ATCHAFALAYA River! 


The eng and latest 3 Reon : 
recorded year......... Driligy 18900: <i 41.8 | May 13, 1933... 

Any one year........... 43 April 8, 1908....... 40.7 vans 16, 1908... ree ats 

The 43-year period...... 43 June 21, 19287.....| 38.6 May 3, 1920....| 44.7 Sat 


* Except as noted in the case of Tables 2(d), 2(e), and 2(f). 

+ Except as noted. 

+ Minimum. , 

§ For a discharge of 1 100 000 cu ft per sec. 

|| For a discharge of 300 000 cu ft per sec. 

4 Also April 21, 1933. 

** Sufficient readings not available to determine maximum variation during the same flood 


ee 
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Referring to Table 2 (a), the highest gauge of 1892 is 1.7 ft lower than 
the lowest gauge of 1929. This indicates that the two different floods, 
although rated at two different “efficiencies” at this station, were at one time 
discharging the same volume of water at the same gauge height. In other 
words, between 1892 and 1929,-no appreciable silting occurred at this sta- 
tion. The limited number of observations during any one year at this station 
(Table 2 (a@)) does not reflect the gauge variation that can be expected during 
a flood, due to “efficiency.” For a 87-yr period, the greatest range on the 
gauge to discharge the same volume of water, is 3.8 ft (see Table 2 (a)) which 
is a measure of the effect of “efficiency” at this station, for all floods recorded 
(see Table 1 (a)). 


Hevena, ARKANSAS, GAUGE 


Referring to the Helena gauge (Table 2 (b)), 55000 eu ft per sec per ft 
of gauge was used in adjusting readings to a discharge of 1 200 000 eu ft per 
sec. As in the case of the Columbus-Wickliffe gauge only actual observed 
discharges during 1929 were used. 

Crevasses occurring within 50 miles above and below Helena prior to the 
discharge rates listed in Table 1 (b), in general did not affect the recorded 
gauges. Records of crevasses that may have occurred in 1882 were not avail- 
ablé to the writer. The recorded gauges of 1893 that were not affected by 
crevasses, however, are practically the same as those for 1882. From this 
evidence and the fact that the discharge is close to bank-full stage, the dis- 
charge of 1882 is considered to be unaffected by crevasses. In other words, 
it would not affect the analysis if the discharges of 1882 or 1893 were used. 

Reference to Table 2(b) demonstrates that; in the two different floods, 
47 yr apart, the same volume of water was passing at the same gauge height, 
which indicates that there has been no filling or silting in the channel at 
this station. The greatest variation in discharging the same quantity of 
water occurred in 1929. The difference of 2.6 ft between the lowest and highest 
gauge of this year reflects the effect of efficiency during the same flood. For the 
47-yr period, the greatest range on the gauge for discharging 1 200 000 eu ft 
per sec is 2.6 ft, which value measures the influence of “efficiency” at the 
Helena gauge for all the floods recorded. It is to be noted (see Table 2 (b)) 
that the lowest and highest gauges of any of the years recorded occurred 
in 1929. 


ARKANSAS Oiry, ARKANSAS, GauGE 


Effect of Crevasses on the Gauge Study.—Prior to the discharge reading 
of March 14, 1890 (see Table 1 (c)), there was a crevasse of 35000 cu ft per 
sec, 8 miles above the Arkansas City gauge on March 9, 1890, and another 
? of 6055 cu ft per sec, 35 miles below on March 7, 1890 (see Table 3). These 
crevasses were too small to affect the gauge reading as shown by the increase 
of 0.3 ft in the gauge height by March 25, 1890. In other words, the. gauge 
height increased despite the occurrence of two additional small crevasses 
(19 901 cu ft per sec) 4 miles above, and two of 35 000 and 31 000 cu ft per sec, 


7 
* 
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“4 and 40 miles, “poaptetively! below the Avidivtatis City gauge. Prior to the 
gauge reading of April 11, 1890 (see Table 1 (c)), in the 50-mile reach above 


this gauge, nine crevasses occurred, discharging 515901 cu ft per sec; and, 


in the reach 50 miles below, six crevasses occurred, having a discharge 


of 242 255 cu ft per sec, or a total of 758156 cu ft per sec. A comparison of 


the gauge of April 11, 1890, with that of March 14, 1890, shows a reduction 


of only 0.6 ft to discharge the same volume of water (1200000 cu ft per sec) 


“with more than 700000 cu ft per sec of water diverted through crevasses 


within 50 miles above and 50 miles below the gauge. This small variation 


‘proves that there was little, if any, effect from crevasses, which conclusion is 


further supported by a comparison of the gauges of 1890 and 1891. 


TABLE 3.—Recorp or OrEVASSE OCCURRENCE 


: Dis- Mil Dis- 
| Miles ie |e os charge, 
Item Date Cairo, | Bank | in cubic ||Item Date Cairo, | Bank | 12 cubic 
4 feet per Tl. feet per 
‘ second second 
(1) (2) (3) (4) (5) (1) (2) 1 (3) (4) (5) 
(a) Vicinity or ARKANSAS City GauGE (437 Mites BELow CarRo) 
1 | March 9, 1890..| 429 Right 35 000 16] May 13, 1892...]. 452 Right 91 623 
2 | March 7,1890..| 472 Right 6 055 17 | May 25, 1892...) 484 Right 17 253 
Total, prior to : ————]| 18 | June 2, 1892. 439 Right 19 554 
March 14, 1890) ..... | ..... 41 055 19 | June 22, 1892. . se 440 Right 18 483 
‘ Total in et Ty Eee pe 
3 | March 24, 1890..| 433 Right 17 000 prior to; duly. LM: ce ae 146 913 
See Se AEC bE Ni oe re oe at oe ea 
arc , - eft 5 (6) Vicinrry or Rep River LANpINnG GauGE (773 
, 6 ae ae ts 467 | Right Ne FOO Mites BELOW CatRo, ILL.) 
’ Ope Sd. Sgt ieeg 
4 ter natgenned bieiee | 20 | March 14, 1884..) 789 | Right | 211 000 
7 | March 27, 1890..| 426 | Right | 17 000 arch 14, 1890...) 899 elt | averse 
8 March 27, 1890.. a Right. 10 000 22 | March 16, 1891..} 961 Right 91 000 
? Total, prior to |) 23: | March 14, 1903.:| 738 BR) esiak wey ais Bits 
March 28, 1890) ......| ..... OTH O00 sl nus ay ct a eaten a ae RE A 
(c) Victniry or CarroLuron GaAucE (964 Mrites 
~» Q9 | April 5, 1890. . 426 Right’ | 44 000 ; BELOW CatrRo, ILL.) 
10 April 4, 1890.. 432, Left 208 000 
11 | April 4, 1890.. 431 Left 114 000 || 24 | March 14, 1890..| 902 “hye 402 000 
12 |, March 28, 1890. . 435 Left 68 000 25 March 16, 1891..| 961 Right 91 000 
13 |. March 28, 1890,.} 4388 Left 125 000 Ps hh SEWER Ee hres Saas 989. lai 116 000. 
14 | March 28, 1890..} 470 Right 35 200 Or ee OE ee ae ee ree AS 
15 | ‘April 7, 1890....| 474 Left HOLOOO ZUG ASH - MAWES CT Re eae Ores ea, Ce ee 
‘ Total, prior to Pa en 6 LapaeTA | MOTE ha ER ROS Ty NAIA mee kee 
April LS LSOV. (ER ce epe te taal BOL 200 PEAT SE eS ERIS Ay carats GUD Soot ns, MITRE 
Total, in 1890...) 2.0... ] 2... 7585160 HEY A BTR Bie SOT, NE OF RE 


Prior to July 1, 1892 (see Table 3 (a)), four crevasses, occurred within a 
reach of 50 miles below the Arkansas City gauge, with a total discharge of 
. 146 913 cu ft per sec. The recorded readings in this year were not appreciably 
more or less than those for years that were not affected by crevasses. 

The highest gauge of 1890 (see Table 2 (c)) is 0.1 ft lower than the lowest 
gauge of 1929, showing that at one time the two different floods were ‘dis- 
, charging the same volume of water at practically the same gauge. Again, 


_. this, shows that no appreciable silting. had occurred at this station in the 


“89- “yr period. For the same discharges, the year 1923° showed the’ greatest 
-yariation in gauge heights. The difference of 2.0 ft (see Table 2 (c)) between 
the highest and lowest gauge of this year, for an adjusted discharge of 1200 
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‘eu ft per sec, reflects the effect of “efficiency” during the same flood. For 
the entire 39-yr period, the greatest range on the gauge for discharging this 
_ same volume of water is 3.2 ft, which, likewise, measures the influence of 
“efficiency” at the Arkansas City gauge for all the floods on record. 


Summary: ContumBus-Wickurre, Henna, aNp ARKANSAS Crry, Gauges 


Flood Efficiency——tThe foregoing data show that the maximum variation 
is 2.6 ft for the same volume of water during the same flood at these 
three gauge stations. A variation in flood “efficiency” of approximately 3 ft 
can be expected at these stations. Floods divide themselves into the following 
three classes: (1) Those of poor “efficiency” (high gauge height for a given 
discharge); (2) those of normal “efficiency” (medium gauge height for a 
given discharge); and (3) those of high “efficiency” (low gauge height for 
a given discharge). Certain of the ordinary causes that influence the class 
of each flood for the same volume of discharge are: (a) The relationship 
between the velocity of the main stream and the sediment introduced. by 
tributaries; (6) control of sediment carried by tributary streams; (¢) channel 
stabilization on the entire river system; (d) extent to which the main 
channel has been flushed by intervening water stages; (e) the effect of winds 
in the direction of flow; (f) the effect, on a gauge in the main river close 
to the mouth of a tributary stream, of the discharge of a large volume of 
water; and (g) change.in slope for rising and falling stages of the river. 

There is a relationship between velocity and quantity of sediment carried 
(Cause (a)). If the velocity of the main river, required for carrying sedi- 
ment, is not overtaxed by the sediment contributed by the tributaries the 
deficiency is picked up from the channel of the main river, causing lower 
gauge heights. On the other hand, if the sediment contributed is. greater 
than can be transported by the parent river, it is deposited and causes a higher 
gauge. As for Cause (b), an attempt to control the sediment carried by the 
tributaries, in order to assist the parent river, by protecting it against erosion 
is advisable. This policy has been adopted, to some extent, for reasons far 
removed from flood-control purposes, such as the terracing of cultivated fields 
in hill farms required by the Federal Land Banks and vigorously pursued by 
the United States Department of Agriculture in erosion control and forest 
' protection. Channel stabilization by protecting the banks on both the main 
river and the tributaries (Cause (a@)) is also an aid in reducing the quantity 
of sediment. Prevailing winds in the direction of flow (Cause'(e)) will 
lower the gauges for the same discharge, whereas prevailing winds in the 
opposite direction will raise them ‘The change in rate of rising stages over 
falling stages (Cause (g)) affects the slope at corresponding gauge heights 
thereby producing different volumes of discharge. For’ slow falling sings 
the slope is flattened out from that produced by fast rising stages. 

The extent to which Causes (a) to (g) act in unison controls, to a major 
degree, the class “efficiency” of the flood. It is not unusual for a combination 
of. the adverse causes to occur at the same time, ereating a flood of ipo 


“efficiency.” 
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The greatest variation at the three gauge stations between the earliest ¢ 

and latest flood-years is 1.7 ft, showing that the two floods are of different - 
efficiency. Each flood, although 37 yr apart, passed the same volume of 
water at one time during the flood interval with a difference of 1.7 ft. As 
this is within the expected range of maximum gauge variation, due to the 
influence of “efficiency,” the river is not silting up at these gauge stations 
and causing higher flood elevations. This is further substantiated by the 
cross-sections taken at various intervals by the Mississippi River Commis- 
= sion. Comparison of cross-section elements of the general survey of 1894 to 
ee 1904 with those of the survey of 1911 to 1913 covering the section of the river 
from Cairo to Red River shows, at bank-full stage, the average area increased 

2.3%, the average width increased 3.9%, and the average mean depth — 

" increased 1.8 per cent.’ 

The levee systems at these gauge stations have been improved gradually 
by raising and strengthening. These levee changes have not affected the 
x gauge readings recorded. As will be demonstrated subsequently for the Atcha- 


falaya River the gauge height for a given volume of water without levees is 
| increased after levee confinement at some point; however, after once confined, 
A ' further levee extension down stream from this point does not influence the 
3 gauge for the same volume of water. 
d Overbank Diversion—During 1921 the Cypress Creek gap in the levee 
ae line was closed immediately above Arkansas City. Previously, flood water 
a did escape from the Mississippi River through this gap at overbank eleya- 
3 tions. Subsequent to this date, flood waters have been confined and could 
ie. only éscape by crevassing. The overbank flood-water escape of this frequency 
Fk did not have any noticeable effect on the efficiency of the Arkansas City gauge. 
‘ Rep: River Lanpine (Ancona, La.) Gauce 
s The gauge station at Red River Landing is situated on the Mississippi 
3 River approximately 1 mile below Old River (see Fig. 2). All the discharges 
os used (see Table 4) were those measured with current meters. Those varying 
yy more than 25 000 cu ft per sec from a volume of 1100000 cu ft per sec, were 
< rejected. At this gauge, the readings were adjusted to 1100000 eu ft per 
4 sec, using 35 000 cu ft per sec per ft of gauge, as shown by the 1929 discharge, 

- and. only the actual discharges during that year were used. 

q The major crevasses that occurred within 50 miles above or below Red 
, River Landing prior to the discharge dates in Table 4, are given in Table 3. 


Data concerning crevasse occurrence in 1882 were not available. The 
Morganza crevasse, 16 miles below the gauge station at Red River Landing, 
which occurred on April 16, 1874, was not closed until February, 1884, It 
breached again on March 14, 1884, and was closed in J anuary, 1887; breached 
once more on April 22, 1890, was closed in March, 1891, and has remained 
closed since.’ The levee breach at Morganza was open during the recorded 


> Basic Data, Mississippi River Annex No. 5, H. R. Doe. N 
, , iete el Eke - No. 798, pp. 71= 
°Rept of the Mississippi River Comm., 1894, p, 3067. aS eae 
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TABLE 4.—Srupy or Gaver Recorps, Rep River Lanpine 


= he no Io C 2 7 
se )e |g | 22 1383 S38 | 3/8 |e fees 
5m aes a, 368 So8 $= s Ko | a s0}/%o8 
Be.) ous | a= ee ' ge | 2 | ae | en else. 
aay Bo pee | 8] ge es RP Dae ce | 2 | 8 | eestsee 
6% o |B Be jaa. roi eB toy dae ue 
ai bo 3 FEES eae a EY % ge g-3 
8 2/3 | B28 |2.2 3 a 18 | 8u 29 
4 Pie “fas jo* 4 © oll es a) are eee 
(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6) 
February 10, 1882} 192 200 | 41.5 | 5.72 | 1099 | 41.5 || April 20, 1891...} 222 700 | 45.4 | 4.93 | 1 100 45.4 
June 3, 1882..... 233 100 | 41.4 | 4.83 | 1 125 | 40.7 |] May 4, 1892....] 199 600 | 43.8 | 5.42 | 1 082 | 44.3 
June 5, 1882..... 232-200 | 41.5 | 4.72 | 1 097 | 41.5 || May 23, 1892...) 208 800 | 45.4 | 5.34 | 1 119 | 44.9 
June 6, 1882..... 233 500 | 41.5 | 4.77 | 1 114 | 41.1 |] May 24, 1893...] 207 900 | 44.3 | 5.27 | 1 100 | 44.3 
June 7, 1882. .| 233 900 | 41.5 | 4.79 | 1 120 | 40.9 || May 26, 1893...] 208 200 | 44.4 | 5.20 | 1 089 | 44.7 
June 8, 1882. .| 232 400 |'41.6 | 4.81 | 1 117 | 41.1 |} May 29, 1893...| 208 200 | 44.5 | 5.11 | 1 070 | 45.4 
June 10, 1882:...| 284 500 | 41.6 | 4.77 | 1 119 | 41.1 || June 7, 1803....| 221 200 | 45.0 | 4.90 | 1 089 | 45.3 
June 12, 1882....| 233 800 | 41.7 | 4.74 | 1 107 | 41.5 || April 28, 1898... 192 600 | 44.3 | 5.63 | 1 084 | 44.8 
June 15, 1882... .| 236 300 | 41.8 | 4.72 | 1 115 | 41.4 || April 10, 1903...| 220 200 | 50.0 | 5.05 | 1 122 | 49.4 
June 19, 1882... .} 233 800 | 41.8 | 4.72 | 1 105 | 41.7 || April 28, 1906...| 219 500 | 44.4 | 5.08 | 1 116 | 43.9 
June 20, 1882....} 234 400 | 41.8 | 4.67 | 1 094 | 42.0 || April 80, 1906...| 218 000 | 44.6 | 4.94 | 1 076 | 45.3 
June 21, 1882....} 284 200 | 41.8 | 4.77] 1 118 | 41.3 || April 7, 1908....| 222 500 | 45.3 | 4:98 | 1 108 | 45.1 
June 23, 1882... .| 234 000 | 41.8 | 4.80 | 1 128 | 41.1 || April 13, 1908...| 2380 600 | 45.3 | 4.88 | 1 125 | 44.6 
June 24, 1882... .| 234 100 | 41.8 | 4.68 | 1 096 | 41.9 || April 8, 1909... 237 100 | 45.9 | 4.63 | 1 103 | 45.8 
June 26, 1882....} 235 200 | 41.8 | 4.67 | 1 099 | 41.8 Average gauge height for the second record. ..... 45.0 
June 28, 1882....| 235 406 | 41.7 | 4.61 | 1 085 | 42.1 || February 15,1913) 245 800 | 46.4 | 4.53 | 1 117 | 45.9 
June 30, 1882... .} 234 100 | 41.6 | 4.73 | 1 106 | 41.4 || February 20, 1913] 248 100 | 47.0 | 4.60 | 1 122 | 46.4 
July 1, 1882...... 232 800 | 41.5 | 4.68 | 1 089 | 41.8 || May 2, 1913....| 225 800 | 50.0-] 4.72 | 1107 | 49.8 
January 21, 1885..) 226 700 | 40.2 | 4.86 | 1 101 .| 40.2 || May 5, 1913....| 227 500 | 50.4 | 4.65 | 1 101 | 50.4 
January 26, 1885..) 229 300 | 41.5 | 4.88 | 1 120 | 40.9 || April 17, 1920...| 246 000 | 47.9 | 4.36 | 1 099 | 47.9 
January 29, 1885..} 228 700 | 41.8 | 4.93 | 1 127 | 41.0 |} April 21, 1920...|} 241 600 | 48.6 | 4.39 | 1 098 | 48.7 
February 10, 1885| 235 300 | 41.4 | 4.73 | 1 113 41.0 || April: 22, 1920...| 244 600 | 48.8 | 4.28 | 1 109 | 48.5 
Average gauge height for the first period. ....... 41.3 || April 23, 1920...] 243 500 | 49.0°] 4.89 | 1 110 | 48.7 
March 28, 1890...| 210 500 | 44.8 | 5.29 , 1 117 , 44.3 || April 27, 1920...| 244 400 | 49.4 | 4.42 | 1 121 | 48.8 
April 1, 1890... 213 900 | 44.9 | 5.22 | 1 121 | 44.3 |} May 4, 1920....| 243 000 | 49:6 | 4.44 | 1 122 | 49.0 
March ‘10, 1891...} 210 800 | 43.2 | 5.13 | 1 082 | 43.7 || April 11, 1923...| 231 500 | 47.1 | 4.74 | 1 102 | 47.0 
March 16, 1891...} 209.800 | 44.5 | 5.34 | 1 100 | 44.5 || April 16, 1923...) 236 800 | 48.0 | 4.73 | 1 126 | 47.3 
March 18, 1891...) 210 100 | 44.8 | 5.23 | 1 102 | 44.7 April 8, 1929....} 234 400 | 47.4 | 4.60 | 1 085 | 47.8 
March 20, 1891...) 211 700 | 45.0 | 5.23 | 1 109 | 44.7 |) April 11, 1929...| 232 400 | 47.8 | 4.72 | 1 106 | 47.6 
April 10, 1891....| 216 900 | 45.4 | 5.14 | 1 118 | 44.9 || April 18, 1929...| 233 500 | 48.8 | 4.76 | 1 124 | 48.1 
April 13, 1891....} 219.200 | 45.5 | 5.12 | 1 125 | 44.8 February aT; 1932| 257 580 | 49.5 | 4.33 | 1 119 49.0 
April 16, 1891... .| 218 200 | 45.4 | 5.08 | 1 112 | 45.1 Average gauge height for the third period... 48.2 


readings of 1882 and 1885. There are no data as to discharge through this 
breach for these two years. It is estimated that the crevasse of March 14, 


1884, was discharging 211000 cu ft per see on March 25; the approximate © 


gauge at Red River Landing on this date was 46.0. The recorded gauges ifor 
1882 and 1885 are from 4.2 to 5.8 ft lower than this gauge, and the diversion 
through the Morganza opening at these low stages would be small and would 
not influence the gauge at Red River Landing 16 miles above. 

In 1890 (see Table 3), there were no crevasses prior to April 1, close 
enough to Red River Landing to affect the gauge, the nearest being at Nita 
(899 miles below Cairo) on March 14. The crevasse at Ames on March 16, 
1891 (see Table 3(b)), was too far down stream to affect this gauge. In the 
period from 1892 to 1903, no crevasses occurred prior to gauge readings has 
would affect the observed height. 

Bougere crevasse, 35 miles above Red River Landing, which occurred on 
March 14, 1903, was 9300 ft wide. There is no record of discharge of this 
crevasse, but it did not affect the recorded gauge readings because it served 
only to divert a portion of the main river into the back-water reservoir of 
Black River at a point about 30 miles up stream from where it. would, have 
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been diverted into the reservoir at the end of the levee. In the period, 1904 
to 1932, no crevasses occurred prior to readings that would affect the gauge 
at Red River Landing. 

Referring to Table 2 (d), the variation of 6.9 ft for discharging the same 
volume of water in the two different floods, 50 yr apart, shows that excessive 
silting occurred in the river channel at this station. The year 1913 had the 
greatest variation for discharging the same volume of water. The difference 
of 4.5 ft between the highest and the lowest gauge of this year for dis- 
charging 1100 000 cu ft per sec is due in part to “efficiency” influence and in 
part to conditions created by diversion. For the entire 50-yr period the 
greatest range in gauge heights for discharging the same volume of water 
is 10.2 ft (see Table 2 (d)). This large variation is due in part to “efficiency” 
influence and in part to silting in the channel. \ 


Summary: Rep River Lanning Gauae 


Unrestricted Diversion.—The effect of unrestricted diversion from the 
Mississippi River at the gauge station at Red River Landing (Angola, La.), 
creates a condition at variance with that at the stations previously analyzed. 
At this location the Mississippi River has two outlets of levee-confined dis- 
charge to the Gulf of Mexico; one past New Orleans into the Gulf, the other 
_ through Old River into the Atchafalaya River and thence to the Gulf. This 

latter outlet through the Atchafalaya permits unrestricted diversion of water 
from the Mississippi River at all stages. 

To follow the changes occurring in the Mississippi River at Red River 
Landing, it is necessary to consider the same volume of water during each 
flood-year. For this purpose, a volume of 1100000 cu ft per sec was selected 
because, in the early years, it was fairly close to bank-full stage and, there- 
fore, was not affected by crevasses. Furthermore, a greater number of gauge 


- readings was available for study. 


Shreve’s cut-off occurred in 1831 and the Raccourci cut-off, in 1847, being, 
“respectively, short distances above and below Red River Landing. The 


_. earliest reading used at this gauge station occurred during 1882, being 51 yr 


and 35 yr, respectively, later than these cut-offs. Therefore, the rise in gauge 
‘to discharge the same volume of water at this station since 1882 cannot be 
attributed to the effect of these cut-offs. 

Records of the gauge station at Red River Landing since 1882 show that 
es the gauge for discharging the same volume of water has been raised by 
permanent silting in of the channel (see Table 2(d)). A further increase 
- results from temporary silting occurring during the same flood, which is 
either removed by that flood or by intervening waters. The rise in gauge for 


oy _ discharging the same volume of water caused by the permanent silting in of 


the channel is the difference between the highest gauge of 1882 and the 


, lowest gauge of 1932, being 6. 9 ft. Reference to Table 4 shows that this rise 


4 in gauge height since 1882 is the result of permanent silting during three 
distinct periods, the average gauge for each period eee as summarized in 


: "Table 5 (a). 


1292 DIVERSION ON THE MISSISSIPPI AND ATCHAFALAYA RIVERS Papers 


The greatest gauge variation of 4.5 ft (see Table 2 (d)) for discharging 
the same volume of water during any one year occurred in 1913. This varia- 
tion is greater than would be expected normally as the flood of 1913 is the 
end of the second period and the beginning of the third period of silting 
transition. The low gauges that occurred during the first days of the 1913 
flood have never been repeated. The high gauges recorded during the latter 
days of the 1918 flood became normal for the third period. Since 1913, the 
lowest gauge for discharging 1100000 cu ft per sec is 47.1 as against 45.9 
during the first part of 1913, and the highest gauge is 50.4. Therefore, the 
range of “efficiency” is from 47.1 to 50.4 ft on the gauge, or 3.3 ft. 


TABLE 5.—Averace Gauce Heicuts, Gauce at Rep River Lanpine 


(a) INCREASE IN GAUGE HEIGHTS (b) PreaK-FLtoop GAuGcE HEIGHTS 
Period Average gauge, Increase 
in feet, for a Gauge Average peak- for the 
Years discharge of increase, Years flood gauge, perio, 
1 100 000 cubic | in feet in feet in feet 
feet per secona 
i ee 1882 to 1885 41.3 0% 1867 to 1886 45.1 dung 
ees 1890 to 1909 45.0 3.7 1890 to 1907 48.7 3.6 
3a 1913 to 1932 48.2 3.2 1912 to 1933 52.4 3.7 


The greatest gauge variation for discharging the same volume of water 
is 10.2 ft for the 50-yr period of which 6.9 ft is the loss due to permanent 
silting and 3.8 ft reflects the influence of efficiency. A report of the Missis- 
sippi River Commission records the peak-flood gauges at Red River Landing.’ 
The average of these peak-flood gauges, grouped as three periods in Table 
5 (a), gives the increase in average peak floods for each of these three periods 
(see Table 5(0)). This average period peak-flood gauge of 7.3 ft is prac- 
tically the same gauge increase as the 6.9-ft increase in gauge height for 
discharging the same volume of water, showing a direct influence of flood 
height on the loss in discharge capacity below the point of diversion. 

The actual changes in cross-section elements for the 2-mile reach below 
Old River, in the period, 1882 to 1924, are, as follows*: The bank-full width 
increased 535 ft; the bank-full area decreased 13 089 sq ft; and the bank-full 
mean depth decreased 9.6 ft. 

A peak-flood height of 50.5 ft was never exceeded during the periods prior 
to 1912. During the period, 1912-1933, this gauge was exceeded eight times 
with the maximum peak gauge of 57.5 ft, which occurred in 1927. The main 

river at this point has adjusted itself to an average peak-flood gauge of 52.4 ft. 

Loss in the cross-sectional area at Red River Landing during the same 
flood, and when diversion is occurring, was well illustrated during the high 
water of 1929. In this year the deposition of silt below the point of 


™“Improvement of Lower Mississippi River for Flood Control and ppb ates oh Vol. 1, 
p. 104. 


§ Loc. cit., Vol. 1, Table 6. 
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diversion restricted the cross-sectional area to the extent of holding it to 
the same area during the last 5-ft rise in flood height, as follows: 


Gauge height, 


Area, 
in feet in square feet 
Tee teres VAP) OUT RR Te FN ol = oe 234 000 
zie bitalrs cs 1 CLS PEN SME PRG WEL ATC ee Stmaer, ene eae Dan 234 000 
7S) ote) on 25 GAMER BAINES BEE Ge a Gen os ee ae 236 000 
BE eer eh 1 Madeley east 28000 
BE et) S Sy Saat RE TR RA EAE, Soop at ei ae 230 000 
PRL tS le gi oy a aaa SICAL tae ea eA A RAB ee 232 000 


From the foregoing the deposition of the silt during the same flood is shown 
to act as a natural automatic valve to hold the cross-section to an area of 
about bank-full and against a rise in gauge, thus producing a steeper slope 
during the same flood. This silt is removed during the same flood or inter- 
vening waters. The gain in cross-sectional area at this station during the 
_ same flood, and when diversion from the Mississippi River is prevented by 
higher stages in the Red River, is shown by the 1932 flood in the Red River. 
_During this flood a portion of Red River water was discharged into the 
Mississippi River and increased the volume carried by it. Discharge cross- 
sections during this year at Red River Landing show: 


ne? 


Gauge, Area, 

in feet in square feet 
A GO MIRE rR ee seca ty S nec, dubp aie Ges hates cae es eaten oor eae 245 000 
Ze tfe) teh SPE B th Ne ys NMR ER hat, NG a 260 000 
ESO Raet pales, Tea Meese oe ee ald cele SIE Nemes LON Ay) Sue 267 000 
EO) ae el tan DEORE ORE TOR MPIC Col race ate 271 000 


The cross-sectional area of 271.000 sq ft at the peak gauge of 52.1 during 
1932, as against a cross-sectional area of 232000 sq ft at a peak gauge of 
52.4 ft during 1929, shows a loss of 39000 sq ft, or 17% of area, caused by 
diversion during the same flood at this gauge station. 

The silting changes of these two floods were only local and did not 
materially affect the gauge for the same volume of water. The 1932 flood, 
with diversion eliminated, shows the power of the river to clean the channel 
and if given the chance, eventually to re-open the entire reach to its old 
cross-sectional area and produce lower stages for the same volume. 

The- changes at Red River Landing due to unrestricted diversion are 
illustrated at the two overbank diversions below New Orleans at Pointe a la 
Hache and Caernarvon, during the flood of 1927. Discharge observations 
were taken immediately above and below these diversions. At Pointe a la 
“Hache, 57 miles below New Orleans, 10.5 miles of the Mississippi River 
levee was removed during 1924 in an effort to reduce flood heights at New 
Orleans. The 1927 flood discharge observations at Pointe a la Hache show 
that the velocity above the diversion increased over that below the diversion 
as the discharge through the levee gap increased. There was a maximum 
difference in velocity of 1.383 ft per sec, with the maximum diversion of 
301 845 cu ft per sec. After diversion the cross-sectional area at the upper 
‘station was found to have increased 8 125 sq ft and that at the lower station 


de a eee, 


_ that “whenever silt-bearing streams flow through alluvual deposits, other con- 
, ditions being the same, the slope is least where the. volume is eneatest, and, 
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had decreased 8169 sq ft. The increase in area of the upper section was — 
caused by an increase in velocity induced by the suction through the levee 
gap, thereby increasing the sediment-carrying capacity of the river, adding 
to its load by scour from the channel within the zone of influence of the — 
diversion. Contrarily, the loss in area at the lower section was due to- 
the decrease in velocity, thus causing deposition of sediment in the channel. 
The induced draft through the levee gap at Pointe a la Hache during the 
1927 flood did not reach far enough up stream to relieve New Orleans, mak-— 
ing it necessary for a further levee breach nearer that city. An artificial 
crevasse was then made at Caernarvon twenty miles below New Orleans. The 
greatest difference in velocity between the upper and lower stations at the Caer- 
narvon diversion was 1.13 cu ft per sec for the maximum diversion of 
326 446 cu ft per sec. The discharge measurements were not carried through 
the entire period of diversion and, therefore, cross-sectional comparisons are 
not possible. These effects from the drop in velocity, and the gain and loss 
in channel area caused by overbank diversion are noticeable at Red River 


‘Landing in the greater channel depth immediately above, and the shallow 


channel depth immediately below, Old River. 
As the peak-flood gauge increased 7.3 ft caused by higher flood stages, due — 
to increased height and strength of levees, larger volumes of water were 
diverted from the Mississippi River and forced down the Atchafalaya. The — 
higher the gauge at Red River Landing the larger the volume diverted into © 
the Atchafalaya. The Mississippi River, below the point of diversion, 
adjusted itself with silt deposition, progressively, with increased flood heights 
and consequent increase in diversion.. The loss in mean depth for bank-full 
stage from 1882 to 1924 was 9.6 ft. Under this unrestricted diversion, it is 
apparent that the Mississippi River is adjusting itself to the loss in volume. 
Diversion into the Atchafalaya River is dividing the Mississippi River, and f 
this results in a velocity drop below the point of diversion as compared — 
with that above it. The larger the volume of water diverted the greater the - : 
velocity difference. This velocity change is causing a deposition of silt which — 
forms a dam below the point of diversion, thereby adjusting the river to a new j 
slope. This change in slope varies with the volume subtracted. The 
“efficiency” of the stream down stream from this. point is diminished, and, | 
the river at this point is almost continuously subject to diversion and only ; 
infrequently is its volume augmented by waters from Red River. The pre-— 
ponderance of influence is due to diversion occurring at all stages from the : 
Mississippi into the Atchafalaya; therefore, there is no opportunity for — . 
the sediment-formed dam at Red River Landing to be cleaned out. Ags the 
volume of the main river is reduced by increased diversion through the Atcha- 
falaya, the Mississippi River adjusts itself to an. increased slope by ‘the 
deposition of silt below, thus causing (since 1882) a rise in the gauge of 
6.9 ft to discharge the same volume of water. { 
The adjustment at Red River Landing conforms to the bydroniiog aon 
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conversely, the slope is found to be invariably increased as the volume is 
diminished.’” 


CarrouitTon, La. (New Orunans), Gauge Sration 


All available discharges used were measured with current meters and 
‘those varying more than 25 000 cu ft per sec from a volume of 1100000 cu ft 
per sec were rejected. Readings were adjusted to the basis of 1100000 ew ft 
per sec, using 60000 cu ft per sec per ft of gauge, as shown by the 1929 
_ discharge. Only actual observed discharges during 1929 were used. 

The record of three crevasses that have occurred within 50 miles up 
‘stream and down stream from the Carrollton gauge is given in Table 3 (c). 
No records are available of crevasses that occurred in 1883. Between Febru- 
ary 13 and March 26, 1890, ten small crevasses occurred, between Miles 973 
and 1000, down stream from Cairo. These breaks varied, in widths, from 
15 to 540 ft and were too small to affect the gauge readings. Furthermore, 
gauges adjusted for 1100 000 cu ft per sec before and after the Nita crevasse, 
which occurred on March 14, 1890 (see Table 3 (c)), do not show any influ- 
ence. The Ames crevasse on March 16, 1891 (see Table 3 (c)), occurred after 
the dates of the gauge readings under consideration. Between May 3 and 
June 13, 1892, seventeen crevasses are listed. All these breaks were small 
and closed within a few days of their occurrence, except Sarpy crevasse, 939 
miles from Cairo (see Table 8(c)). A comparison of the adjusted gauge 
readings for this year with those of 1893 (which were not affected by 
crevasses) shows no influence. 

Referring to Table 2 (e), the same volume of water in the two different 
floods, 49 yr apart, was passing the gauge at heights only 1 ft apart, which 
shows that the channel had not silted appreciably in that time. The greatest 
variation for discharging the same volume of water in a single year, occurred 
in 1913. The difference of 2.6 ft between the highest and lowest gauges of 
this year, adjusted for a discharge of 1100 000 cu ft per sec, reflects the effect 
of “efficiency” during the same period. For the 49-yr period, the greatest 
variation on the gauge for discharging the same volume of water, is 5.3 ft 
(Table 2(e)). This large variation is due in part to “efficiency” influence, 
and in part to conditions created by unrestricted diversion at Red River 
Landing. 


Summary: Carrotuton, La. (New Organs), Gauce Station 


~The study at the Carrollton gauge station is based on a ‘discharge of 
1100000 cu ft per sec, details of which are recorded in Table 1(d). This 
volume of water is close to bank-full stage and recorded gauge readings are 
not affected by crevasses or levee: changes. 
~The variation of 1 ft between the lowest gauge of 1932 and the highest 
gauge of 1883 (see Table 2(e)) shows that at one time during these two 
floods, 49 yr apart, the same volume of water was passing within a foot on 
the gauge. This variation is within the range of “efficiency” influence 


; ° etter from the late James B. Eads, F. Am. Soc. C. B., to Mississippi River Comm. 
dated April 12, 1882. 


a 
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and the channel has not silted. The greatest variation for discharging the 


same volume of water occurred in 1913. The difference of 2.6 ft between 
the highest and lowest gauge of this year for discharging 1 100 000 cu ft per 
sec, is due in part to “efficiency” influence. This variation of 2.6 ft is 
greater than can normally be expected due to efficiency influence, as the con- 
ditions set up during the flood of 1913 at Red River Landing caused an 
abnormal gauge fluctuation at Carrollton. Prior and subsequent to the 
flood of 1913 the greatest gauge variation during any one year for discharg- 
ing this same volume of water is 1.5 ft. For the 49-yr period the greatest 
range in gauge for discharging this same volume of water is 5.3 ft. The 
increase in gauge for discharging the same volume of water at this station 


TABLE 6.—Comparison oF Cross-Section ELemMEnts, Stace. Banx-Fuun: 


ATcHAFALAYA River; Surveys or 1904-05, 1916-17, 1931, ann 1932 


STATIONS, Areas, in 
in Miuus* Wrinrss, IN Fret Square 
Reach Feet 


From: | To: | 1904-05 | 1916-17| 1931+ | 1932+ | 1904-05 1916-1 
ie) (2) (3) (4) (5) (6) (7) (8) i 


0.0 3.3 | 1147] 1173 | 1395] 1420| 58 456 67 937 
3.3 8.1 1177| 1143 | 1277] 1304] 52 792 58 717 
8.1 13.1 1135 | 1251 | 1423] 1469] 58 018 65 483 
13.1 18.1 1116] 1152] 1326] 1370] 55 966 63 556 
18.1 | 23.0 | 1017] 1044] 1204] 1216] 54 588 57 382 
23.0 | 28.0 | 1044] 1119] 1200] 1210| 58 529 68 368 
28.0 | 32.9 | 1044] 1086] 1163| 1170] 55 292 58 803 
32.9 | 37.9 920 976 | 1052| 1062] 46 479 53. 859 
37.9 | 42.9 719 834 980 987 | 31 769 40 553 
42.9 | 47.8 579 872 | 1148] 1158| 19 418 41 126 
47.8 | 52.8 527 751 | 1094 | 1 097 19 121 39 749 
52.8 | 57.9 434 572 870 887 15 107 27 041 
57.9 ,| 63.0 367 390 596 592 12 604 15 729 
63.0 | 68.0 494 509 640 638 | 15 184 16 819 
Soha ates Deedee ieee 11 720 | 12 874 | 15 368] 15 580] 554 253 | 675 139 
FL Eh Maser dpe oeeease 837 920| 1098] 1113] 39 590 48 224 
AREAS, IN SQUARE Frnt 
(Continued) Maximum Deprus, In Feet picer, 5at 
Reach “a a 
1931+ 1932+ 1904-05 | 1916-17 1931 1932 | mean Gulf 
‘a evi 
(9) (10) (11) (12) (13) (14) (15) 
Oaths 64 724 79 056 88.2 91.5 77.9 
ied cn: 59 449 70 462 69.9 73.8 76. "38.3 45 a 
DY tered iy: 67 498 74 362 79.7 83.5 83.4 91.8 43.65 
CHA sede 66 572 72 542 80.7 86.0 87.4 92.5 41.52 
re 70 812 71 829 77.4 84.5 94.2 94.8 38.79 
Beeceee. 73 063 74 019 93 0 98.1 97.3 99.5 35.59 
eA: tc 6 87.6 3.5 : 
Tokko. wed 58 544 59 573 81.4 86.2 eae rik t 39:07 
ta Sa 53 714 54 737 68.4 73.2 84.5 85.7 26.59 
geet a 57 657 58 210 54.6 80.6 81.4 83.3 24.30 
10 et ee 37 438 58 830 38 3 _ 80.4 88.8 90.7 21.23 
ae cat 70.4 : ; , 
2D adel, Lox 24 804 26 140 56.2 59.2 69.0 60.7 15:38 
Tie ets 22 665 23 716 51.8 50.3 57.3 58.4 13/39 
Total. ieee eee 777 804 | 826 442 | 1005.7 1115.3 | 1149.8 | 1207.3 | 439.90 
Average.......... 55 557 59 032 71.8 79.7 82.1 86.2 30.92 


* Station 0 is at Barbres Landing, La. (see Fig. 2.). 
} Sections normal to stream computed where necessary. 


Fe 
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is between 3 and 4 ft. This may be caused by conditions set up by unre- 
stricted diversion at Red River Landing. Definite proof is not available at 


this time, however, but it is thought that future studies will throw additional 
light on this subject. 


Tue DiscHarce or THE ATCHAFALAYA River 


The cross-sectional elements of the Atchafalaya~River for the upper 68 


miles, as taken by the Mississippi River Commission for various years 


(Table 6), show that this stream has increased an average of 47 % im area 
at bank-full stage from 1904 to 1932. (Levees have been constructed along 
the first 51 miles of this river.) In order to determine the effect, if any, 
that this large increase in eross-sectional area has had on the discharge 
capacity of the stream, it is necessary to consider the passage of the same 
volume of water through the various flood-years. To obtain a sufficient num- 
ber of readings for consideration, a volume of 300000 cu ft per sec is used 
as reported at the Simmesport Discharge Observation Station (see Table 1(e) 
and Table 2 (f)). As in the case of gauge records previously reported in this 
paper, all discharges in Table 1 (e) were measured with current meters and 
those varying more than 15 000 cu ft per sec from a volume of 300000 eu ft 
per sec were rejected. At this gauge the readings were adjusted to a basis 
of, 300 000 cu ft per sec, using 13 000 cu ft per sec per ft of gauge, as shown 
by the discharge rating curve issued by the Corps of Engineers, U. S. Army, 
for this station. Readings from 1890 to 1893, which are published with the 


zero of the gauge at 3.88 ft above mean Gulf level were corrected to a gauge 


with its zero 5.79 ft above mean Gulf level, thus referring all readings in 
Table 1(e) to the same datum plane. A record of the more important 
erevasses along the Atchafalaya River is presented in Table 7. 


TABLE 7.—Recorp or Important. OREVASSES 


Name Bank Date Width Name Bank Date ee 

(1) (2) (3) (4) (1) (2) (3) (4) 
13 }%d 0) (2: SERIE IOe Left April 21, 1890 215 BurbOne ee. see Right | April 22, 1890 | 1 600 
Cottage Point...| Left April 21, 1890 600 Churchyille....) Right | April 22, 1890 500 
BY OIBGoaae cai se Left April 21, 1890 |1 800 Bayou Marine..} Left April 15, 1890 550 
EP SCHOOL. 25,55 l.s o/ev0 Left April 21, 1890 110 Pouncey..... ~-| Left LSOL ahs eee 
WACODA ays see es Left April 21, 1890 150 Deer Range....| Right VSO Tien ah mei 
Callahan........ Left April 21, 1890 180 Nelson-Eddy...} ..... 18903) Piee eesh ee 
clits! sora 5 eft April 21, 1890 | 480 Holloway...... Left . 1903) Se" 9). cleus 
Smith and Taylor| Left | April 21, 1890 50 IN oge odcedls ¢ Right | May 19, 1912 | 2 450 
Harmanson..... Right | April 8, 1890 300 Atkin os sds Right | May 17, 1912] ..... 
Norwood....... Right | April 8, 1890 150 McCracken... .| Left April 16, 1912 | 5 200 
Yellow Bayou...| Right | April 8, 1890 200 Coville........ Left April 25, 1913 400 
Cason. 220.06. Right | April 15, 1890 | 300 McCrea....... Left .| May 24, 1927 | ..... 
Gordon: 2.5... Right | April 18, 1890 400 Melville....... Right | May 27, 1927] ..... 


There is wide variation in the “efficiency” of the Atchafalaya River. The 
difference of 6.1 ft between the 1920 and the 1928 readings, eight years apart 
(see Table 2 (f)), shows the influence on “efficiency” by the sediment deposited 


in the stream as a result of diversion. The flood of 1927 formed crevasses in 


the Atchafalaya River levees, flushing the river channel sediment at different 


: 
cee ee ae: 
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points and allowing efficient handling of the 1928 water at low gauges. The 
flood in the Red River during 1932 established the highest gauge of record at 
Alexandria, La. This high stage of the Red River prevented the diversion 
of the Mississippi into the Atchafalaya and cleaned the Atchafalaya River to 
greater depths than recorded by surveys since 1880-1881. This flushing 
increased the Atchafalaya “efficiency,” allowing the early part of the 1933 
water to pass at low stages. 

The gauge variation of 1.7 ft during the 48-yr period, 1890 to 1933 (see 
Table 2 (f)), develops the fact that no material change occurred in the dis- 
charge capacity of the stream, even in the face of a 47% increase in cross- 
sectional area. The velocities in Table 1 (e) show that as the river expanded 
in cross-sectional area there was a reduction in velocity from about 5 ft to 
less than 4.5 ft per sec caused by slope adjustment of the stream. The head 
is fixed by the water elevations in the Mississippi River at Red River Landing, 
and, therefore, the slope is reduced because of the increased silt deposits below 
the lower end of the levees. Proof of this silting is shown” in Table 8. Mel- 
ville is at the lower end of Reach B; and the lower end of Reach Fis 
approximately at the end of the east levee. No change in gauge for the dis- 
charge of the same volume of water has occurred since 1890; therefore, the 
increase in cross-sectional area has kept pace and has offset the slope reduc- 
tion. The theory that with an increase in the volume of a silt-bearing stream 
the slope will diminish, is borne out by the actions of the Atchafalaya River. 


TABLE 8.—Arcuarataya River: Cuances iv Average Bank Enrvation (iN 
Fret), as SHown By SurRvEYS 


Station, | 1880-81 to 1904-05 | 1904-05 to 1916-17 | 1916-17 to 1931 


in miles 

(24 yr) (12 yr) (15 yr) 
A oat ArcRR Bi Bh a si.e- "aie 0-13.7 +1.0 —0.5 +0.8 
Bee aware a ea 13.7-29.8 +3.1 +1.0 +1.7 
COA 4, Ok A ee ee 29.8-36.9 +3.0 +4.3 +4.0 
DD ire, TOSS os sosra oh 36 .9-43.0 +1.8 +6.3 +127 
Ur viircietd.s Cskreie chee 43:0=52.9)—|3)° 9 4 UNERS +5.0 +3.3 
Reet psa Paid Ai eh oo 52 .90-63)9 (1) Sw +2.5 +5:7 
Creare or Woche Rese. TPT 63.:7-66:9 "|" ~ocm dein +1.6 +4.8 


Sriesport, La., Gauge 


Tea 1890, the east levee on the Atchafalaya River extended to 26 miles peloe 
Simmesport (see Fig. 2), the west levee extending to 11 miles below. Levee 
extensions since 1890 have not affected this gauge for the same volume of 
discharge. For the various flood-years when the high gauge of 50 ft. was 
reached in the Mississippi at Red River Landing, the record of discharge in 
Hib Atchafalaya River at Simmesport for corresponding dates is given in Table 


“The discharges vary with the silted condition of the channel and are not 
ne or influenced by crevasses. 


22“The Improvement of the Lower Mississippi River for Flood Control and Naviges 
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The Atchafalaya discharge of 376 000 cu ft per sec during 1932 at a gauge 
of 49.5 ft at Red River Landing (see Table 9, Item No. 7) is within reasonable 


TABLE 9.—Discuarcge In THE ArcHaraLaya River 


Mississippi River gauge, | Discharge, Atchafalaya 


Item No. Date at Red River Landing, River, at Simmesport; in 
in feet cubic feet per second 
Bee otaie le eo easel May 10, 1897..... 50.0 390 000 
PALS EE St ERAS WOT He a April 8, 1903...... 50.0 388 000 
Dente seale wie vs aeleteys April 20, 1912..... 50.1 331 000 
4 Riese eae Peapetert «ke Misye2, LOTS is eM 50.0 390 000 
USER hase Oa anes May 4, 1920...... 49.6 306 000 
Caaimeyerarseancm ene oean May 2, 1929...... 49.9 346 000 
(RAE to ee, Bate ee eee§ February 17, 1932. 49.5 376 000 


limits of the 390000 cu ft per see discharged during 1897 at a gauge of 50.0 
ft at Red River Landing. (The year, 1897, is the earliest on record in which 
a gauge of 50.0 ft was reached at Red River Landing.) This further sub- 
stantiates the flattening of the slope in the Atchafalaya River; it offsets the 
47% increase in cross-sectional area; and the volume of water diverted into 
the Atchafalaya is dependent upon water elevations in the Mississippi 
River. ‘The increase in discharge of the Atchafalaya River due to the increase 
of 6.9 ft in the Mississippi for discharging the volume of 1100000 cu ft per 
sec is shown in Table 10. 


TABLE 10.—Ivorpast in THE DiscHARGE or THE ATOHAFALAVA RIvER 


MississiprP1 River, 
Rep River LANDING Atchafalaya River, 


Period Dates Simmesport discharge, 
Discharge, in in cubic feet per 
€ Gauge height, cubic feet per second 
in feet second 
I os aetna Fei 1882-1885 41.3 1 108 600 184 421 
Seales yen steno 1913-1932 48.2 1 105 000 : 313 866 
ENCTCHSOWS ia. ree cele s is HS FECA AI Sear aton aero, 129 445 


MELVILLE AND Krorz Sprinas GauGe Stations 


Discharge observations are not made in the Atchafalaya River, at Melville 
and Krotz Springs, La. (see Fig. 2). To study the action of the river at 
these two points gauge heights are listed in Table 11 for the day following 
the approximate discharge of 300 000 cu ft per sec at Simmesport. The dates 
for the gauges at Melville and Krotz Springs are one day later than those for 
the gauges at Simmesport to correspond with a discharge of 300000 eu ft 
per sec. The zero for 1933 values on the Melville gauge is 0.2 ft above mean 
Gulf level. To convert the gauge readings for previous years to the same 
datum plane as 1933, subtract 0.3 ft from the readings in 1890 and 1892, and 
add 0.2 ft to the readings in 1907 and 1929. The gauge Sani in Table 11 
are not adjusted to an even 800 000 cu ft per sec. i 

At Melville the gauges from 1907 to 1933 do not show any noticeable 
ainiines other than those due to “efficiency” influence. The average of the 
gauge readings prior to 1907 is 5.2 ft lower than the average of those after 
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that year. This increase in gauge between 1892 and 1907 is due to levee 
confinement. In 1893 the west bank of the Atchafalaya River had a con- 
tinuous levee line extending to Melville and the east levee line ended 8 miles 
up stream from this point. Between 1893 and 1907 the west levee was extended 
to 12 miles below Melville and the east levee extended to 18 miles below that 
point. This confinement caused the increase in gauge heights of approxi- 
mately 5 ft at Melville. 


TABLE 11.—Gavucr Reapincs at Metyinie, La., anp Krotz Sprinas, La. 
(Ste Fic. 2) 


Gaucs Hricut, GauceE Hercur, 
eg In Feet IN Freer 
Date in feet, Date ——— Date _ 
Melville, Mel- Krotz Mel- Krotz 
La. ville, Springs, ville, | Springs, 
La. La. La. La. 
April 8, 1890.... 33.7 June 17, 1908.. SOE Le Sikzinsg ee ths April 22,1933..) 36.4 52.4 
March 26, 1891.. 33.3 April 14, 1912.. 39.8 53.7 April 23, 1933..| 36.6 52.5 
April 18, 1891... 33.4 April 25, 1920... 41.3 54.9 April 25, 1933... 37.0 52.7 
May 21, 1892... 33.4 April 28, 1920.. 41.6 55.0 April 27, 1933..| 37.3 52.9 
May 29, 1892. 35.5 May 4, 1920... 41.9 55.2 April 28, 1933..| 37.4 53.0 
February 15, 1907 37.6 April 14, 1923. . E> JB = Tale Wy TORR © May 2, 1933...| 37.8 53.4 
February 17,1907 37.8 July 22, 1928.. 37.7 51.9 May 4, 1933...) 38.1 53.6 
April 7, 1908. . 41.1 April 7, 1929... 39.0 53.0 May 6, 1933...| 38.3 53.7. 
May 5, 1908. . 38.3 April 11, 1929.. 39.6 53.3 May 14, 1933..) 38.2 53.7 
May vf 1908.... OG. Oo Ty eigprythte sir Sas + | se ope tornua, pelt hays ceavarbl ear ereh cndeang: state Quake Rall cies a spare ahi een 


The gauge at Krotz Springs from 1912 (the earliest gauge reading avail- 
able) to 1933 does not show any noticeable change other than that due to 
“efficiency” influnce. In 1912 the east levee ended 3.7 miles below this sta- 
tion and has since been extended to 4 miles below it (see Fig. 2). In 1908 
the west levee ended 1 mile below this station and has since been extended 
to 9 miles below it. These levee extensions have not affected this gauge for 
the same volume of discharge. 


History or tHe ATCHAFALAYA River Bastn™ 


In 1804, the channel of the Atchafalaya River was choked with rafts of 
driftwood extending from bank to bank, beginning on the north at a point 30 
miles from the Mississippi River and extending down the Atchafalaya about 
20 miles. They clogged the river channel completely, making navigation 
impossible. Trees were growing around these rafts, the largest being about 
10 in. in diameter. Driveways crossed them at different places. These rafts 
rose and fell with the water and, apparently, they were effective in checking 
any natural opening of this channel between Old River and the Gulf. 

About 1840 the State of Louisiana, in order to open a navigable channel, 
began cutting channels through the rafts with a view to their complete removal. 
This work continued to the beginning of the Civil War period. Immediately 
upon the removal of the rafts the channel enlarged rapidly at bends in the 
river and on both sides of the narrow straight reaches. Lands in the Atcha- 
falaya Basin which had been exempt from overflow were flooded annually 
until, in 1881, the Upper Atchafalaya Basin “had gone back to Nature.” 
ED es ee ee 


“Comp. from Repts. of the Mississippi River Commission. 
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Along the river were to be seen ruined dwellings and sugar houses, buried 
fence lines, broken levees, hardwood timber killed by standing, water, -and 
cypress swamp growth started. Navigation, however, was excellent in 1881. 
The change in the characteristics of the river at its head between 1851 and 
1879, is illustrated by reference to Table 12. 


TABLE 12.—Cuances In THE CHARACTERISTICS or ATCHAFALAYA River 


Cross-section area | DIMENSIONS or Cross-Sncrion 
Year ~~ of channel, in at High Water, IN Feet 


square feet 


Width Depth 
USO Lees eieisreraishicisiehs areca ieee oes 24 400 ) 730 52 
US BOI s anagayt\e tent yp aeatha cuaye weit Sits 28 700 830 63 
UST ranger ereh tele, state cis cies Sis ss 39 160 891 114 
DSTO Re Gale nae eta tilt aes ae elle BSE 52 100 940 130 


In 1881, the channel of the Atchafalaya River had enlarged to a point at 
which it had a discharge nearly equal to that of the Red River and afforded 
that stream the line of least resistance for flow to the sea. In 1881, the eleva- 
tion of the water surface at Red River Landing was almost constantly above 
that at the head of the Atchafalaya, being 7.3 ft above the latter point on 
October 13, 1891. At this time there was a marked tendency to increase the 
channel from the Mississippi to the head of the Atchafalaya. Quoting from 
the report of the Commission :” 


“No decrease in flood heights in the Mississippi River has been observed, 
although a diversion of one-sixth of the Mississippi River discharge has 
taken place. However, there has been a decrease of flood heights on the 
Atchafalaya.” 


The report of the Mississippi River Commission of 1881 contained a recom- 
mendation that a sill dam be built across the mouth of Old River between 
Turnbull’s Island and the Mississippi, and, also, that a study be made of 
the proposal to divorce completely the Mississippi River from the Red and 
Atchafalaya drainage. During 1882 actual work at the head of the Atcha- 
falaya was confined to dredging bars at the mouth of the Red River and the 
head of the Atchafalaya, creating a 16-ft channel from the Red River 
through Old River and a 6-ft channel connecting the Red with the head of 
the Atchafalaya River, thus making navigation conditions very satisfactory. 
In 1884 the Commission reported® that the formulation of a comprehensive 
plan .for the treatment of the Atchafalaya situation had been deferred from 
time to time on account of the necessity for further observation, experience, 
and study. It was prepared to present a plan which was stated to be the 
best that could be devised in point of practicability, safety and economy; a plan 
that should include “the prevention of the diversion of the Mississippi into 
the Atchafalaya Basin and the closure of any depleting outlet in that point, 
either now existing or likely to be induced by the changes reasonably to be 
anticipated and also the preservation of navigation of the Red and the Atcha- 


falaya Rivers.” 


122 Progress Rept. of the Mississippi River Comm., 1881, p. 13. 
13 Rept. of the Mississippi River Comm., 1884, p. 2554. 
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At that time Major Amos Stickney, Corps of Engineers, U. S. Army, was 
in charge of the lower district, and he recommended the construction of a 
series of brush dams to be placed in the Atchafalaya River, the upper one to 
be below the Bayou des Glaizes and the others at intervals not exceeding 4 
mile. These dams were to be built to. a point just below low water; they 
were planned not to interfere with navigation, and to regulate the discharge 
of the Atchafalaya so that it would take care of the flood discharge of the 
Red River. These dams were to be supplemented by levees to prevent the over- 
flow into the Atchafalaya Basin of water from the Mississippi. At this time 


a dam was also recommended across Old River between the Atchafalaya and 


the mouth of the Red near Turnbull’s Island. This was in order to force the 
Red River down the Atchafalaya. Apparently, no action was taken by Con- 
gress on this recommendation and the report of 1885 again recommends the 
construction of these sill dams in the Atchafalaya as soon as the water 
stage permits and money is available. Quoting the report:* 


“The work to be done would have for its object the gradual construction 
and perhaps finally the complete closure of the Atchafalaya as an outlet of the 
Mississippi. Whether the treatment should be carried further than this, to 
the extent of making the Red a tributary of the Mississippi by the construc- 
tion of a high dam across the head of the Atchafalaya River and its. basin, 
thus cutting the latter off from navigation of the Red and Mississippi, is a 
consideration of great moment. Determination can be deferred. The Com- 
mission , 18 distinctly committed to the idea of closing all outlets as‘part of 
the plan for the improvement of ‘the Mississippi River, both low-water outlets 
and breaks in ‘the levees, and has consistently opposed the fallacy known as 
the outlet system because it stands in sharp antagonism to all the fundamental 
laws of hydraulics. When the Atchafalaya shall cease to be an outlet the 
discharge of the Mississippi below the mouth of the Red will be decreased 
a 40 to 50 per cent. by the addition of volume now substracted by the 
outlet. 


The report of the Commission of 1886 states “that no instructions have 
been received for carrying out the foregoing plan.” During 1888 construction 
on the sill dams in the Atchafalaya below Simmesport, La., was started, in 
line with recommendations previously.made by the Commission. The first 
sill dam was located 500 ft below the mouth of the Bayou des Glaizes. This 
report contains complete descriptions and analyses of a number of plans for 
handling the Red River-Atchafalaya Basin problem. These data appear to 


' be segregated about as follows: (1) Major Stickney’s plan (six submerged 


sill dams); (2) Eads’ plan (to cut off the Atchafalaya River ’with a high 
dam at the head); (8) canal and lock plan (cut the canal, Mississippi to 
Atchafalya Rivers, with locks therein); (4) Mississippi River Commission 
plan (includes Plan (1) and also.a plan to shut off the connection between 
the mouth of the Red and. the Atchafalaya Rivers with a sill dam on the 
west side of Turnbull’s Island); and, (5) variation of Plan (4) (includes a 
long jetty from the lower point of Turnbull’s Island extending | into’ the 
Mississippi to prevent direct flow from the latter into Old River). 


Annual Rept. of the Chf; of Engrs., 1885. 
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The report of 1889 indicates that Plan (5) had been adopted for handling 
the situation. During the year the upper sill dam in the Atchafalaya was 
practically completed and the second sill dam had been commenced. This 
second dam is located 1750 ft down stream from Sill Dam.No. 1. The report 
of 1890. shows the completion of the second sill-dam on August 27. During 
the months of September, October, and November, 1890, the sill or lower 


course of a sill dam was constructed across Old River, 8 mile down. stream 


_ from Sugar House Chute. The reports of 1891 and 1892 show progress on 


the construction of this sill dam, which was practically completed in 1892. 

To summarize, then, from 1804 to 1840, the Atchafalaya was completely 
blocked by rafts and received very little flood water from the Mississippi 
River. In 1852, according to an estimate by Charles Ellet, a Civil Engineer 
employed by the Government, it was handling one-twelfth of the Mississippi 
discharge. In 1882, Mr. Eads estimated that it was carrying approximately 
one-sixth of the Mississippi River outflow. At present (1935) the Atcha- 
falaya is discharging, during flood periods, a levee-confined volume of about 
500.000 cu ft per sec, or one-third of the discharge of the Mississippi River 
below Red River Landing. The sill dams, the construction of which has 
been mentioned preyiously, were designed and built in order to restrict the 
discharge of the Atchafalaya to about 200000 cu ft per sec, which was esti- 
mated to be the discharge of the Red River while in flood at that time (1882). 
These dams did not restrict the Atchafalaya to a capacity of 200000 cu ft per 
sec, due to later increased flood heights caused by the construction of higher 
and stronger levees. Both sill: dams are alike in design and. construction. 
The base or sill consists of a willow mattress, 8 ft thick, and 304 ft long, 
up stream and down. stream, loaded with rock. Upon this sill were built 
three courses of willow mattress, 100 ft, 66 ft, and 30 ft in width, respectively, 
each course being covered with successive layers of hard clay and gravel. 
The up-stream edge of the dam is 20 ft below the upper edge of the sill. The 
entire structure was given a heavy covering of rock. 


CoNCLUSIONS ° 


Except where indicated the gauge and discharge readings in this paper are 
not affected by crevasses, cut-offs, levee extensions, or enlargements, At the 
gauge stations along the Mississippi River, at Columbus, Ky., Arkansas City, 
Ark., and Helena, Ark., the flow is not subjected to unrestricted diversion and 
the same volume of water is now passing at the same elevations as in earlier 
years. At these points the river is not silting, but a variation in gauge due 
to “efficiency” influence of approximately 3: ft ean be expected for the same 
volume of water. Overbank diversion occurred at the Arkansas City gauge 
station prior to 1921 through the gap at Cypress Creek, a short distance fig be 
without affecting the gauge in passing the same volume of water. 

“At Red River Landing, the Mississippi River is divided into two levee-con- 
fined outlets to the Gulf, permitting diversion from the Mississippi: into the 
Atchafalaya River at all’ stages, except when higher stages occur in the Red 
River. The higher stage in Red River is infrequent compared to diversion 
‘from the Mississippi. This division of the river causes a drop in. velocity 
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below the point of diversion over the velocity of that above, the difference 
being greater as the volume diverted increases. This checking of the current 
in flood time causes a deposition of some part of the silt load, and it is in 
this manner that Nature provides the means of the river’s adjustment. The 
greater the diversion, the greater will be the difference between the velocity 
above and below, and, consequently, the greater the deposition of silt below 
the point of diversion. The levees on the main river were raised and 
strengthened, thus causing levee confinement to larger volumes of water. 
Increased flood heights resulted and raised the average flood peaks at Red 
River Landing 7.3 ft between the periods 1867 to 1886 and 1912 to 1933. This 
peak-flood increase caused larger volumes of water to be diverted from the 
Mississippi through the Atchafalaya. The Mississippi River below the point of 
diversion, adjusted itself progressively with increased flood heights and conse- 
quent increase in diversion by the river channel being partly closed by a silt- 
deposited dam. This dam increased the river slope for the loss in volume 
diverted and raised the gauge 6.9 ft to discharge the same volume of water 
since 1882. The close relationship between the increase in peak-flood heights 
and the increase in gauge for discharging the same volume of water is 
apparent as only a difference of 0.4 ft exists. 

At Carrollton the gauge has been raised between 3 and 4 ft since 1882 in 
passing the same volume of water. Definite proof as to the cause of this 
increase is not available. The head of the Atchafalaya is fixed by the water 
elevation in the Mississippi River at Red River Landing. Consequently, the 
slope has been adjusted by silt deposited below the lower limit of the levee 
influence. Although the velocities have decreased in the Atchafalaya with 
the diminished slope the increase in bank-full cross-sectional area of 47% 
since 1904 has kept pace and offset the effect of slope reduction, so that the 
same volume of water at this time is passing the same gauge height as it 
was in 1890. This balancing of the lessened slope by the enlargement in cross- 
sectional area has made it possible to increase the volume of discharge through 
the Atchafalaya only by increased flood heights in the Mississippi River. This 
is definitely shown by the discharges of the Atchafalaya River at Simmesport 
for a high gauge of 50 in the Mississippi River (see Table 9, Items Nos. 1, 2, 
4, and 7). 

The distance from Red River to the sea via the Mississippi River is 310 
miles and via the Atchafalaya River, 125 miles. The shorter distance and 
steeper slope afforded by the Atchafalaya appears to be a logical course for 
the Mississippi River to follow. This condition existed for centuries before 
Man made levees, giving every opportunity -for the Mississippi River to take 
advantage of this short route to the sea if Nature so desired. Through the 
manner in which the river treats the silt load the shorter route to the sea is 


blocked and, in addition, makes it necessary to increase the head to increase - 


the discharge. The discharge of the Mississippi River at Red River Landing 
is 35000 cu ft per sec per ft of gauge. The increase of 6.9 ft in gauge since 


1882 at Red River Landing for a discharge of 1100000 cu ft per sec means © 


that the Mississippi River has lost 240 000 cu ft pér sec in discharge capacity. 
At the same time, the discharge of the Atchafalaya River at Simmesport 
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increased 129 000 cu ft per sec, due to this additional head of 6.9 ft. The 
combined loss in discharge capacity of 111000 cu ft per see results from 
unrestricted diversion. . 

The Mississippi River has conformed itself to the hydraulic theory and 
increased its slope as the volume has been diminished through diversion. 
Likewise, the Atchafalaya River has conformed itself to the hydraulic theory 
and flattened its slope as its volume increased through diversion. It is 
obvious that the vicious cycle of conditions set up through unrestricted diver- 
sion from the Mississippi into the Atchafalaya results in a large loss in 
“efficiency.” 

The treatment of the silt load by a silt-bearing stream is its powerful 
agency of adjustment to changed conditions. The detrimental effects resulting 
from this power to adjust itself to changed conditions is reflected clearly in the 
loss in discharge capacity of the Mississippi River at Red River Landing due 
to unrestricted diversion at all stages. By eliminating diversion below bank- 
full stage a major portion of this power of adjustment is overcome as it will 
disturb to a minor extent the greater portion of the silt load that is handled 
along the bed of the channel. Furthermore, the agency is provided for waters 
below bank-full stage, acting for 365 days to clean out any deposition of silt 
left after the short duration of over-bank diversion. This method of diversion 
will practically restore the channel to its original discharge capacity and so 
maintain it. The slight loss in cross-sectional area during overbank diver- 
sion at Pointe a la Hache and the fact that overbank diversion occurred at 
Arkansas City for a number of years did not reduce the discharge capacity 
of the river, substantiate the conclusion that overbank diversion will not 
cause the ill effects suffered from diversion at below bank-full stages. 
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STABLE CHANNELS IN ERODIBLE MATERIAL 
By E. W. LANE,’ M. AM. Soc. C. E, 


SyYNopsIs 


The design of the All-American Canal, which will divert 15.000 eu ft per 
sec from the Colorado River, required’ a thorough study of stable channel 
shapes. Data from various sources were conflicting and unsuitable for the 

“unusual conditions on this canal. These data were analyzed and conclusions 
were drawn regarding the various factors controlling stable channel shapes, 
and the relation between them. 


InTRODUCTION 


For a canal to be stable the banks must not slough or slide, and the bottom 
and sides must neither silt nor scour. To establish these conditions the engi- 
neer must consider a number of factors. 

The problem of controlling sloughing or sliding is not treated in detail in 
this paper, since’ stable slopes for the various soils are comparatively well 
known. To prevent scouring or the accumulation of silt in the bed, it ‘is 
necessary that the velocity along the bed is sufficient to move all the material 
brought into the canal, and yet not be so high as to cause the subgrade of 
the canal to scour. Flowing water will not attack the subgrade unless its 
velocity is more than sufficient to move the material brought into the canal: 
The excess of velocity over that required to move this material, which will 
attack the canal subgrade, depends upon the material of which’ the Spores 
is composed, 

In order that the banks may neither silt nor scour, the velocities along 
them must be sufficient to prevent deposition but not sufficient to cause the 
material of which they are composed to scour. From a practical standpoint 
a slight degree of silting on the sides is not especially detrimental, so that 
the important requirement is the prevention of scour and excessive deposi- 
tion. The maximum allowable velocity along the banks depends upon the 
material of which they are composed. The material on the sides is also 
acted upon by the force of gravity, which assists the water in tending to 
cause motion. The sides, therefore, will scour under velocities less than 
would be permissible along the bottom. 


enn: —Discussion on this paper will be closed in February, 1936, Proceedings. 
1Prof. of Hydr. Eng., State Univ. of Iowa, Iowa City, Iowa. 
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The ratio between the velocity acting on the sides and that on the bottom 
depends upon the ratio of the bed width of the canal to the depth. The greater 
this latter ratio the greater will be the ratio of the velocity acting on the — 
bottom to that acting on the sides. The bed width-depth ratio required for a 
stable channel is that which will bring the proper ratio of velocity acting 
on the bottom to that acting on the sides. Conditions that require high 
velocities acting on the bottom, as compared with those that may be per- 
mitted to act on the sides, require high ratios of bed width to depth. For 
example, canals that carry a heavy bed load in friable material require high 
velocities on the bed to move the load and low velocities along the banks to 
prevent cutting them; in other words, such channels require a high ratio 
of bottom velocity to side velocity, and, therefore, a high bed width-depth 
ratio. Canals with small bed loads in friable material do not require such 
high velocities along the bottom to transport the bed load and, therefore, the 
ratio of this lower velocity, Vz, to the permissible side. velocity, Vs, can be | 
smaller. The correct ratios for other conditions can be determined by the 
_ application of these principles. This paper records an attempt to outline 

the major principles that control stable channel shapes and velocities. 


Tue Ati-AMERICAN CANAL 


The All-American Canal is planned to take water from the Lower Colorado 
River and carry it to the lands lying in the Imperial and Coachella Valleys by 
a route lying entirely within the United States. The Imperial Valley is now | 
(1985) irrigated from the Colorado River by a publicly owned canal system, 
of which a large part of the main canal lies within the Republic of Mexico. 
‘The difficulties of international administration, and the undesirable silt con- 
ditions connected with the existing canal has led to the instigation by the 
‘United States Bureau of Reclamation of the new All-American Canal project 
to be built entirely within the United States, which has been approved by 
Congress, and is now under construction. } 

The Colorado River is a very silt-laden stream. It has a discharge vary- ~ 
ing from 2 500 to 190000 cu ft per sec and a suspended silt content near the 
intake of the proposed canal averaging 0.90% by weight, and, at times, reach- 
ing 5.40 per cent. The suspended silt is extremely fine and the bed silt aver- _ 
ages about 0.10 mm (0.004 in.) in diameter. The river slope is approximately © 
1.2 ft per mile. The use of this-very silty water in the Imperial Valley has 
led to great difficulty and an expense estimated at approximately’ $1 400 000 
per yr for dredging, canal cleaning, and land leveling. 

Before the All-American Canal is finished, it is expected that «the Boulder 
Dam, 303 miles above the proposed head-works, will be completed. This dam 
will be 725 ft high and will form a reservoir, with a maximum capacity of 
30.500 000 acre-ft, in which all the silt brought down to the reservoir will be — 
deposited. Another dam will be built 155 miles above the intake, which will — 
stop practically all the silt coming: from above that. point. The silt that 
reaches the intake, therefore, will be only that picked up from the banks and © 
bed of the river below the lower dam, and the small quantity brought in by 
the tributaries to the river between the lower dam and the intake. An — 
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elaborate desilting works will be built to remove the coarser part of the silt 
load which will be carried into the canal. Consequently, the silt load in the 
eanal will differ greatly from that now carried, and will create different 
stable channel shapes. To determine the shape best adapted to the new 
condition a thorough study of the subject was made, the résults of which are 
- described herein. 


Notation 


The symbols introduced in this paper are defined as follows (the English 
system of units being used unless otherwise stated) : 


a subscript denoting “average”; 
depth of flow; da = average depth; 


silt factor = 8 V7 D; 

a subscript denoting “mean”; 

exponent in a formula of the Kennedy type; 

a subscript denoting “near the sides”; 

area of water cross-section; 

breadth, or width of channel; B,; = width at the bottom; Bm 
= mean channel width; as a subscript, B, denotes “at or near 

7 the bottom” ; 

coefficient in a formula of the Kennedy type; 

diameter of particles; 

length; 

wetted perimeter (not including water surface) ; 

flow, or rate of discharge; 
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hydraulic radius = — ; 
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slope = — 
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velocity; average velocity in a section; V; = velocity near the 
bottom; Vs = velocity near the sides; and Vo = critical 
velocity from the standpoint of silting. — 


History or Non-Sinting Canat Section Srupies 


Most of the study of the problem of non-silting canal sections has been 
made by the British engineers in India, in connection with the large irriga- 
tion projects of that country. A certain amount has also been done in Egypt, 
in connection with the irrigation works on the Nile. Thus, far, little has 
been contributed by the United States. In the last few years, however, a sur- 
prising interest in silt problems has developed in this country and it is now 
(1935) being attacked from many angles by a number of research engineers. 
From this interest, no doubt, future progress will become considerably more 
marked. 

The first study of non-silting canal sections was made by Mr. R. G. 
Kennedy (1). His work is a classic in this field, and has resulted in the 
saving of millions of dollars in reducing the cost of cleaning irrigation canals 
in India and elsewhere. Unfortunately, like most outstanding studies, it 
came to have such prestige that for many years little further progress along 


this line was made. 
2For reference to figures in parentheses see “Bibliography.” 
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Kennedy gave the result of measurements of bed widths and “full supply” 
depths on about twenty-two canals in the Lower Bari Doab Canal System, 
in which the channels had become stable and several more which had nearly 
reached this condition. He also gave the “full supply” discharge and the 
velocity computed ‘from this discharge and the full supply area. From these — 
data he developed a formula of the type: 


Vg ree, 5452. scead poeed byeetu ee 


which expressed, with reasonable accuracy, the relation between the critical 
mean velocity, Vo, and the depth, d, as indicated by the results of the measure- 
ments. For the Lower Bari Doab Canal, C was 0.84 and n was 0:64.. Kennedy 
expected C to vary with the quality and quantity of silt, but thought n would 
be nearly constant. On Fig. 1 (with reference to Table 1) is shown a line ~ 
giving the velocities corresponding to the various depths according to Equa- 
tion (1). The local conditions influencing these observations and Kennedy’s 
conclusions will be given more in detail subsequently. 


- 30 


A NS I I aA 
13 Soe aE SP De BLES 
(a ne 0 2 A 
sam naeeee 2 aca 
ba Se EE A Bre 
3 Zee O77 1 TA 
5 1 A aed a PA VMAS 4 HA ee 
JeRmEDY 2777 Zee ee 
OE 
| BAA EIBRG i. 
Fate bo Ae LALLAL{¥E Pap cae ote ae 

WAALS 7 

Eafe Cia eranie |” 
WG GoS Ze ae 


oc 
> 
o 
or 
° 
a 
oN 
™~ 
° 
oo 
° 
io 
ne 
o 


156 2.0 257) 3OV 53.5" 4.0 50 60 7.0 80 
Mean Velocity in Feet per Second i ; 


Fie. 1.—Critican VreLocity ForMuULAS ror Non-SILTING, Non-ScouRING VELOCITIES. 


In 1895 Kennedy issued a set of hydraulic diagrams to aid in the design 
of non-silting channels.. In 1904, he gave a rough rule for the relation of 
width to depth in non-silting canals (5). A second edition of “Hydraulic 
Diagrams” (6) was issued in 1907, in which Kennedy reprinted the original 
paper and added an extended discussion to clarify some of the obscure points 
and to give the results. of his experience since the first paper was printed. 

Kennedy’s work soon became extensively used throughout India; observa- 
tions were made on the ditches of other irrigation systems and a number 
of other equations of the same type as those of Kennedy, were developed, 
suitable to the various local conditions. One of these was for the Godavari 
Western Delta and the Kistna Western Delta, in Madras (7). In 1913 a set 
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TABLE 1.—Vatuss or C anp n, Equation (1), ror Non-Siutina, 
Non-Scourine VE.ocities 


Factors 
-~ | APPLYING TO 
zm Equation (1) 
a) (in. ENatuisH - 
Be Units) Locality Authority Limit * Reference 
oc 
n 
Og Coeffi- | Ex- 
cient |ponent 
C n 
1 0.381| 0.64 Buckley........ Lower... A 
2 | 0.46 064 SS] tackler tae Dep {Irrig. Dept. of Egypt. 
0.39 | 2/3 3 Molbevorth and|\Lower.. .| fie pos og: A Oe 
4 0.475] 2/3 i Venidunians i Lower. Irrigation Practice,”’ p.. 207. 
5 0.391] 0.727 K. D. Ghaleb...|... 00.5, Minutes of Proceedings, Inst.. C. , 
P. one Vol. 229; also p. 285, 
() 
6 GROG WI LOL CS ebay bam ster srectihae clelkio acon aleve nad, aoe as U. 8S. Dept. of Agri., Technical 
: Bulletin No. 67, p. 44. 
ié 0.38 | 0.64 | Mozaffargorih D.} G. W. Duthy Lower.. .|{ Proceedings, Punjab Eng. Con- 
8 inte 0.64 Punjab, India.}| G. W. Duthy Upper...}\ _ gress, pp. 44 and 48, 1919, 
0:63°} 0.64) Sind. 202522... F. W. Woods...] ........ Engineer, p. 648, Vol. 143; Parker, 
: ‘ Control of Water,” ad 678. 
9 0.67 | 0.55 | Godavari West-| Kennedy.......] ........ Minutes of Proceedings, Inst. CE. a 
ern Delta, p. 260, Vol. 229; Madras Public 
Madras, Works Dept., Oct. 9, 1912, 
Dist. 1872. 
10 1.01 | 0.44 | Rio Negro, Arg-| R. EH. Ballester..} ........ Minztes of Proceedings, Inst. C. E., 
entina p. 280, Vol, 223. 
11 ORS ZH INO TOO SIAM str eraks pe. sctorsl preva varey ofaons Wislaye stepei| pha sgrivtdie ete U. 8. Dept. of Agri., Technical 
; Bulletin sia: 67, p. 44, 
12 0.93 | 0.52 | Madras (Kistna)} Kennedy.......] ..-..... Minutes of Proteotings: Inst. C. E., 
a { p. 260, Vol. 229. 
13 0.67 | 0.64 | Sutlej, India....} F. W. Woods...] ........ Engineer, June 17, 1927, p. 648, 
14 0.91+] 0.57+| Burma (Shwebo)} Kennedy...:...] ........ Minutes of Proceedings, Inst. C. E., 
p. 260, Vol. 229 (1929-30): 
Parker, ‘‘ Control of Water.’’ 
15 OfO5eis0L07 | Chenab,. Punjab.| Lindley. oo. ci.) css ose Minutes of Proceedings, Inst. C.E., 
p. 260, Vol. 229; Punjab Eng. 
eee eas Proceedings, 1919, p. 
16 0.756] 0.64 | Sirhind, Punjab.| W. B. Harvey...| ........ Proceedings. Punjab Eng. Con- 
gress, 1919, p. 58. 
ig 0.84 | 0.64 | Bari Doab...... Kennedyetd ss sar ate sues acags Hydraulic Diagrams, Kennedy, 
\ Public Works Dept., India, 1907. 
18 0.924] 0.64 | Penner River...| J. M. Lacey....| Lower Minutes of Proceedings, Inst, C. E., 
0.924] 0.64 | Cauvery Delta..| J. M. Lacey... .. ower p. 338, Vol. 229. 
19 1.09 | 0.64 | Penner River...| J. M. Lacey. Upper.. .|/ Minutes of Proceedings, Inst. C. E., 
20 0.966] 0.64 | Cauvery Delta..| J. M. Lacey....]| Upper.. p. 333, Vol. 229. 
21 0.98 | 0.64 | Imperial Valley.| Rothery........] .....0-. Minutes “of Proceedings, Inst. C. E., 
p. 179, Vol. CCXVI. 
22 1.26 | 0.64 | Cauvery Delta..| J. M. Lacey....| Extreme. {2 anutes ‘of Proceedings, Inst. C. E., 
Upper... p. 338, Vol. 229. 
23 1.33 | 0.61 | Imperial Valley..| Collings........ Lower... (99 930), Am. Soc. C. E., Vol. 
24 1.83-| 0.61 | Imperial one Collings. ..... ..| Upper 99 (1934), p. 549. 
25 0.42 | 0.64 | Behera Delta. R. Gy Kandere. cit! Soc sce py pao agate % eek Eng. Con- 
gress, » Pp. 74) 
26 t be Jamrao, Sind....| W.L. C. Trench.| ........ Minutes of Proceedings, Inst. C. E., 


p. 307, Vol. 223, 1926-27. 


———————————————————————————————  — — — eee 
* “ Limit”? refers to the upper or lower limit of the data observed, which may spread over a considerable 


range. 
+ Approximate. 
tt Vo = (11+) 0.095 d. 


} 


of hydraulic diagrams for the design of channels was presented by Capt. A. 
Garrett which deals with non-silting channels (8), and which is used ealenalely, 


jin the United Provinces. 


In 1917, Mr. F. W. Woods proposed (2) the use of definite ratios of depth 
to width, based on an analysis of data from the Lower Chenab Canal System. 
In 1919, the results of an extensive analysis of canal dimensions of the Lower 


Chenab Canal, by E. S. Lindley, M. Am. Soc. C. E., was published (3). 


For 
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these canals, Mr. Lindley found .a critical velocity relation such that, in 
Equation (1), C = 0.95 and n = 0.57. He also found a relation of bed width 
tordepth of B;-=8.8°0"™ 

In 1927, Woods (4) proposed a general formula covering velocity, average 
depth, mean width, and slope, as follows: 


da = Biwesd eee me weer ee reer rere ee eeee ce (2) 
Vs = 1.434 logic Bm Ce ee (> 

and, 
Ys ees (4) 


2 X logw Q@ x 1000 


Equations (2), (3), and (4). cover not only the depth and width, but also 
the discharge and slope. : According to them for a given discharge there is a 
single condition of depth, width, and slope that will:produce a stable channel. 

In 1928, Mr. W. T. Bottomley (9) advanced the idea that irrigation 
channels would be non-silting and non-scouring if the slope of the canal was 
of the same order as that of the parent river, regardless of the relation of 
width to depth and the shape of the channel. In 1930, an excellent paper on 
this subject (18) was presented by Mr. Gerald Lacey in which he advanced 
the proposition that the wetted perimeter of stable channel was a simple func- 
tion of the square root of the discharge; or, 


P= 2.688: Orn geckgh akc 


and that the shape of the section depended upon the fineness of the silt carried, 
coarse silt giving rise to wide, shallow sections and fine silt to narrow, deep 
ones. He developed the formulas, 


O:f = B8Vetullteet eee eee (6) 


and, 


Vo] 11 RE eR ee ae (7) 


in which f is a silt factor, related to the diameter of the bed material by the 
expression : \ 


f= .Biqht D texivaw slew pamitan & tote SEEN 


In Equation (8) D is in inches. From Equations (6), (7), and (8), knowing 
the flow, Q, in the ditch, Vo, A, and R can be computed. 

Lacey also stated that the shape of a stable channel approximated an 
ellipse, with its major axis horizontal, the ratio of the major to the minor axis 
being larger as the silt became coarser. Lacey’s ideas have been widely 
accepted in India, and extensive observations are under way to study the 
effect of various conditions on his silt factor, f. 

The aforementioned authorities have developed their ideas almost entirely 
from experience in India. The result of experience on canals in Egypt is 
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given by Messrs. .Molesworth and Yenidunia (10). They give a general 
formula in English units: 


Cae (2 OC0U Se 0. 125 Al Bin ane west nin pin ts ep, es) 


as developed from a careful examination of a large number of recognized good 
Egyptian canals. As a result of further experience, Mr. A. B. Buckley (11), 
develops the adjustment of Equation (9) for canals of depths of 1.6 m (5.26 ft) 
and less, as follows: 


epee 0.0025 (100 000 S + 8)? Bz 
1.62 
Equation (10) is in English units. In addition to the general formulas 


proposed by various investigators, a large number of special formulas of the 
Kennedy type have been developed. These formulas are listed on Table 1. 
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SumMary or Previous StaBite-CHanneEL FormuLas 


The formulas developed for stable channels fall into two classifications: 
(a) Those giving an expression for velocity; and (b) those giving stable 
channel shapes. Those in the first class are similar to the Kennedy formula, 
Equation (1). In most of these formulas n has been taken as 0.64, the value 
developed by Kennedy. In all cases the value of CO was constant for a given 
locality or canal system. Kennedy believed that C would vary with both the 
size and quantity of silt, but did not emphasize the effect of the quantity of 
silt as much as the quality, and, as a result, it has been largely lost sight 
of by other students of the subject. He did not believe that the value of n 
would change greatly. 

A formula of the Kennedy type indicates that the caiheal velocity increases 
with the depth, but experience shows that as the depth is increased a velocity. 
is finally reached at which the banks begin to erode. Kennedy believed that 
the limiting velocity was a matter of experience, and gave limiting values 
which correspond to depths of about 10 ft. This had the effect of limiting 
the depths of canals designed according to his rules to these values. No data 
on this limitation are available for the conditions under which any of the 
other formulas of the Kennedy type were developed. ' 

Of the formulas of the second type, Lindley gives a relation of critical 
velocity to depth and bed width, but suggests no modifications for the quality 
or quantity of silt. Woods gives relations for mean depth, velocity, and slope, 
but like Lindley makes no suggestion that these relations might be influenced 
by the quantity or the quality of the silt. Lacey gives channel shapes and 
velocities. introducing the effect of the size of the silt grain, but does not 
consider the quantity of material to be transported. 


CoMPARISON OF ORITICAL VELOCITIES 


In order to determine what velocities could be used safely in the All- 
American Canal, Fig. 1 was prepared, showing the relation of depth to critical 
velocity, as determined from all available observations on actual ditches. 
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These show at a glance that for a given depth of flow there is a tremendous 
variation in critical velocity. The line representing Kennedy’s data is shown 
heavier than the others. The variations range approximately from 46 to 
208% of Kennedy’s results, or the highest value over 450% of the lowest. 

The local conditions under which most of these formulas were developed 
are not known in detail. In general, however, it is believed that the silt of 
the Nile River is finer than that of Ravi River, from which water is drawn 
for the Lower Bari Doab Canal, on which Kennedy’s observations were made. 
The lower velocities found for the Egyptian canals, as compared with those 
given by Kennedy are, therefore, consistent with the relation of Lacey’s _ 
formula (Equation (6)), that finer material results in lower critical velocities. 
It is also known, however, that the silt of the Colorado River and the tributary 
Imperial Valley canals is finer than that of the Ravi, but the critical velocities 
are higher in the case of the Imperial Valley canals. This is contrary to the 
relation given by Lacey. 


CoMPaRISON OF ‘FoRMULAS FoR WiptH-DrEptH RELATION 


A comparison similar to that of the critical velocity relations was also made 
of the various formulas for the relation of bed width to depth. The results 
are shown on Fig. 2, which gives the relation of bed width for the principal 
formulas and some of the data. The Woods’ formula was expressed in terms 
of mean width, and has been changed to terms of bed width by assuming side 
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slopes of 1 on 2. The data for channels as proposed by Lacey (using 

side slopes of 2 to 1) for three sizes of material, are also shown. The finest | 

of these, 0.0025 in. in diameter, is for material roughly corresponding in size 

to that composing the bottom of the Imperial Valley canals. : 
The Punjab (Kennedy) data are computed from those given by Kennedy 

for the Lower Bari Doab Canal, using vertical side slopes, as reported by him. 
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Data are also given on canals in the Godavari Western Delta and some values 
obtained from canals in the Imperial Valley. The data from Egypt were in 
the form of a general equation by Molesworth and Yenidunia, which is inde- 
pendent of the slope, and an equation which is dependent on the slopes, four 
slopes being given. For depths less than 1.62 m (5.32 ft), a modification of 
the Molesworth-Yenidunia, formula given by Buckley has been used, based 
on data which have been collected since the other formula was proposed. The 
Depuit Section, said to be widely used in Egypt, is also shown. 

These data for the bed width-depth relation show even greater variation 
than the depth critical-velocity relations shown on Fig. 2. For a 5-ft depth, 
the Molesworth-Yenidunia formula without the slope factor, gives a bed width 
of 6.4 ft and the Lindley equation gives 50.0 ft, or a ratio of maximum to 
minimum of 781 per cent. Some of the Imperial Valley data indicate even 
higher ratios than those given by the Lindley formula. The wide range does 
not seem to be due to variation in the size of the silt because, although the 
Egyptian data are believed to be for finer silt than the Indian data of Woods 


and Lindley, most of the Imperial Valley data, which are also for fine silt, 


give even higher bed width-depth ratios than those of either Lindley or Wood. 


Factors AFrrectinG STABLE CHANNEL SHAPES 


‘As a result of the wide range of critical velocities and bed width-depth 
relations found on the canals in the different parts of the world, and the lack 
of any readily apparent consistency in the variations, it was clear that if the 
factors controlling this variation could not be determined it would not be 
safe to adopt any of the relations given by existing formulas for the design of 
the sections of the All-American Canal. Although these formulas no doubt pro- 
vide workable relations for the conditions for which they were developed, these 
conditions haye not been delineated sufiiciently to enable them to be applied 
elsewhere.. In general, also, they were developed empirically from a very 
limited range of conditions, and in most cases they omit important factors 
from consideration. 

To develop a rational design for the sections of the All-American Canal, it 
was necessary, therefore, to attempt to go back to the fundamentals and try to 
make an analysis of the factors controlling the shape of a stream channel 
in erodible material, and their relations to each other. 

The following is a list of factors that may enter into a determination of 
stable channel shapes: (a) Hydraulic factors (slope, roughness, hydraulic 
radius or depth, mean velocity, velocity distribution, and temperature); (b) 
channel shape (width, depth, and side slopes); (c) nature of material trans- 
ported (size, shape, specific gravity, dispersion, quantity, and bank and sub- 
grade material); and, (d) miscellaneous (alignment, uniformity of flow, and 
aging). a 

Tn arriving at a rational solution of the problem of stable channels it is 
necessary to consider all these factors, and to determine as accurately as pos- 
sible which of them are of major importance, and which are minor or negli- 
By determining first the relation between major factors, it may be 
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possible later to study the effect of minor factors, but until the major rela-_ 
tions are known, the data available are only a collection of miscellaneous facts 
of limited value. 

Of the hydraulic factors, the slope, roughness, hydraulic radius, and mean 
velocity are interdependent and with reasonable certainty their relation is 
known quantitatively through the ordinary velocity formulas. It is true that | 
the effect of the movement of material in suspension and by traction upon the 
roughness is not definitely known and more information on this point is 
needed, but compared to the uncertainty in other phases of the problem, the 
relations of these four items is so well known that for the purposes of this 
study further investigation along these lines was probably unjustified. The 
relation’ between these factors and scouring or transportation of solids in 
channels is not well established and must be studied further. 

As will be shown subsequently, it is believed that the velocity distribution, 
as well as the mean velocity, is of primary importance to the problem and that 
it, together with the channel shape factors of width and depth, exercise an 
important influence on stable shapes. The side slopes are relatively unim- 
portant except as regards sloughing. 

Temperature has been suggested as having an important effect because it 
influences the viscosity of the water and, consequently, the rate at which solid 
particles settle. That temperature might have some effect cannot be ques- 
tioned, but it is probably small, from the standpoint of stable channel shapes. ~ 
Most. of the data were collected in warm countries, comparable to the locality 
of the All-American Canal, and the temperature variation although it might 
cause. some difference in settlement rate would not, ordinarily, be enough, 
when averaged over the year, to cause major effects. For many sizes of silt 
the effect of temperature on settling rate is small. Moreover, it is possible 
that the tractive force, which is not appreciably affected by temperature, is 
the most important factor in stable channel shapes, and, therefore, tempera- 
ture effects are relatively unimportant. In any event temperature data, which 
would enable an analysis of its effect to be made, are not available. 

Nearly all students of the problem have admitted that the size of the 
material transported is of major importance. The shape no doubt has an 
effect, but it is believed to be of secondary importance as laboratory experi- 
ments show that angular particles are moved by only slightly higher velocities 
than rounded ones. In any event, no data on it are available for any of the — 
localities, so that its influence could not be investigated, even if it was ' 
desirable to do so. Specific gravity of the transported material also has’ its 
effect, but since it rarely varies much from 2.65 it is of secondary importance. 
No data on this subject would be available, even if it were desirable to study 
them. The dispersion of the material by virtue of the electrical charges car- 
ried by the particles is important in some phases of sedimentation, but it 
is probably active only in the case of very fine material which is ordinarily 
not much of a factor in stable channel sections. In this case, again, no data 
for further study are available. ; 

The quantity of solids in motion is an important factor in the shape of 
stable channel shapes, and has not received the attention that its importance 
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warrants. Cases illustrating its importance are numerous. For example, it 
is a common oceurrence in some irrigation systems to have the upper section 
of the ditch fill during periods of high silt content in the streams from which 
they draw, and for this fill to scour out later during periods of clear-water 
flow. In other words, the ditch is unstable, at times being unable to transport 
all the material brought to it, hence filling up, and at other times transporting 
more material than brought to it, and, therefore, cutting down its bed. Over 
long periods the ditches are approximately stable because the two actions 
counteract one another. Anothercommon example is the change from unstable 
to stable condition which results when an effective sand trap is applied to a 
ditch that is becoming filled. There are also numerous cases in which the 
channel of a natural stream is stable but begins to scour severely when a dam 
is built on it and cuts off the supply of solid material which formerly came 
down to renew that which was moved forward by the flowing water. 

One of the most important factors controlling stable channel shapes is the 
nature of the material composing the banks and subgrade. If these materials 
are resistant to scour, higher velocities can be used than if the material is 
friable. Alignment is another factor to be considered, because bank scour 
is more likely to occur on curves. If a canal is apt to be operated a large pro- 
portion of the time at part capacity, this must also be considered in the design. 

Another factor that influences the stability of an irrigation channel is 
what is commonly termed “aging.” After water has run for some time in a 
channel, the particles composing the bed arrange themselves in such a manner 
that they are more difficult to move than when the water is first turned in. 
If the water is silty, this material forms a kind of weak cement which binds 
the bed material together and makes it more resistant. 

In addition to the items listed herein under the heading “Factors Affecting 
Stable Channel Shapes,” another set of relations enters into the selection of 
the best channel section in any instance, which depends upon the conditions 
which the canal is designed to meet. 

Canals for conveying water for irrigation or power are usually designed to — 
meet one of three sets of conditions. The first type is encountered when it is 
desired to use the lowest practicable velocity, in order that the slope may be 
reduced to a minimum. In the case of power canals this is done to obtain 
the greatest feasible power head, and, in irrigation canals, it is done to 
enable the ditch to command as much irrigable area as possible for a given 
length. A second type of conditions is met in both power and irrigation 
canals where it is desired to reduce the size of the canal to a mini- 
mum, in order to make the cost as small as possible without making the 
slope steeper than necessary. This requires that the velocity be made as 
great as can be carried without scouring the banks or bed. A third condition 
is met in irrigation canals where it is desired to carry the ditch on an align- 
ment that has a slope as steep as possible, in order to reduce the cost of drops. 
The first of these conditions aims at securing the minimum practical velocity 
within the limitations of cost and silting. The second aims to secure the highest 
velocity that the ditch will stand with a shape which will convey the water 
with a reasonable loss of head. The third aims to dissipate as much head as 
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possible by making the canal wide and shallow, thus reducing the hydraulic 
radius to a minimum and the slope for a given velocity to a maximum. The 
group into which any particular canal falls, therefore, indicates limitations 
which are likely to control the best channel shape, which must not be exceeded 
while still being subject to the influence of the aforementioned factors. 


Conprtions REequirED FoR STABLE CHANNELS 


For a channel to be perfectly stable, it must not fill or scour on either 
the banks or bed. The banks must also be stable against sloughing or sliding. 
To meet the non-filling requirement, the velocity must be enough to flush 
away all the solid material brought into the section by the flowing water. 
To fulfill the non-scouring requirement, the velocity at the bed or at the 
banks must not be great enough to scour the material of which they are 
composed. To determine a stable section for a set of conditions it is neces- 
sary to determine the various relations which will cause velocities at the banks 
and along the bed that will bring about these conditions. 

The silt carried into a section of canal may be composed entirely of 
fine material, which is easily moved by the water, or it may be composed 
entirely of coarse material, which is moved only at relatively high velocities. 
Usually, however, it has a graded composition varying from coarse to fine. 
If all the material is very fine, ordinarily it offers little practical difficulty 
because the velocities required in the ditch to meet conditions of economy are 
sufficient to keep it in motion. If the material is graded, the fine material 
moves in suspension and the coarse material is rolled along the bed. If all 
the material is coarse, all of it may be dragged along the bed, and little if any 
be carried in suspension. Since the quantity of the bed material that can be 


moved depends upon the velocity near the bed, to obtain a stable channel, the. 


velocity along the bed must be greater for larger bed loads. This may require 
a higher velocity along the bed than the material in which the channel was 
built would stand from clear water, the entire energy of the water on the 
bottom being expended in dragging along the bottom the material which has 
been brought down by the water from above. However, if the velocity along 
the bottom exceeds that necessary to move the bed load, it. will act on the 
subgrade of the channel. To have a stable channel, the subgrade material 
must be sufficiently tenacious to resist this scour. Summarizing this relation, 
it may be stated that the velocity along the bottom of a stable channel must 
be sufficient to move the quantity of material supplied to it, but not so great 
as to scour the subgrade. 

The material composing the banks of the canal is acted upon by two forces 
tending to produce motion. One of these is gravity, which tends to make the 
material roll or slide down the sides of the ditch. The effective gravity force 
is the component that acts downward along the side siopes of the ditch. The 
other force acting is that due to the motion of the water through the canal, 
which tends to drag or to push the material in a down-stream direction. The 
magnitude of this force depends upon the velocity adjacent to the bank. 
The force of gravity and the force of the stream both act together when water 
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is flowing in the canal, and when the resultant of the two forces is sufficient 
to dislodge material from the sides, it moves in a diagonal direction to the 
bed of the stream, or if fine enough, is carried off in suspension by the water. 
The slope of the bank must be sufficiently flat so that the component along it, 
of the force of gravity, when combined with the force of the water, is insuf- 
_ ficient to dislodge the particles. Since flat side slopes cause a smaller com- 
ponent of gravity, therefore, they have less tendency to scour from this cause. 


StTaBLE CHANNELS FoR OLEAR WATER 


The simplest cases involving the determination of stable channel sections 
are those required to convey clear water. When the water carries silt in 
suspension or drags a load along the bottom, there are added complications.’ 
Therefore, the simplest cases, with clear water, will be considered first.. When’ 
the smallest practical slope is desired, it is usually considered that the cheapest 
channel is secured when the wetted perimeter is least in proportion to the 
area. In trapezoidal channels this occurs with a ratio of bed width to depth 
ranging from 2.0 to 0.472 for side slopes between the vertical and 1 on 2. 
These values give the most efficient hydraulic section, but since this considera- 
tion neglects any excavation above the water line the flattest slope for a giyen 
quantity of excavation for a channl in cut is given by cross-sections where the 
ratio of bed width to depth is legs than the foregoing. Thus, maximum 


economy will result from very low = -ratios. In earth, however, experience 


has shown that such channels are not stable. 
A stable channel for clear water must have banks with sufficiently flat side’ 
slopes to keep the material from sloughing or rolling in, and sufficiently low 
velocities to keep the banks and bed from scouring. As previously stated, 
since the material on the banks is acted upon by the force of gravity, as well 
as that due to the motion of the water, it will not resist as high a force from 
the motion of the water as the bottom, where gravity does not tend to produce 
motion. ; | 
Tf the mean velocity in a narrow, deep channel is low enough so that the 
forces acting on the side material are insufficient to move it, and the sides 
are stable from sloughing, the channel will be stable. In other words, narrow, 
deep channels can be used with clear water and low velocities. Ordinarily, 
however, considerations of cost prevent the use of the large canals necessary 
to produce low velocities. For such a channel a cross-section must be selected 
that will give velocities along the bottom which will not move the bottom 
material, and velocities along the sides which will not move the side material. 
Since the side material, due to. the action of gravity, will move at a lower 
velocity than that on the bottom, to obtain the maximum possible mean velocity 
without scour the velocity along the sides must be enough less than that along 
the bottom to offset the gravity effect. This reduction of side velocity, as 
compared: with -bottom velocity, is secured by increasing the ratio of bed 


width to depth. 
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’ In Fig. 8 are shown the velocity distributions in a number of rectangular 
channels having the same cross-sectional area. Most of these data were 
secured from the results of the experiments of D’Arcy and Bazin. The veloci- 
ties are indicated by the “isovels” (also called “isotacks”), or lines of equal 
velocity expressed in terms of the mean velocity. (These data were obtained 
with different discharges for many of the examples. Although it is probable 
that the positions of the isovels would change somewhat with different veloci- 
ties, such changes would be relatively small and would not change the main 
relations.) Since the areas of all water cross-sections are equal, the lines 
giving the same ratio to mean velocity in all the diagrams represent the same 


All Channel Sections Reduced to Same Area, 
D=Depth, B=Width 

Velocity Distribution Expressed in Percentage 
of Mean.Velocity. 
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velocity for any given discharge. A study of the velocity distribution in 
these. sections will show that high velocities extend closer toward the sides 
in the narrow, deep cross-sections than in the broad, shallow ones. The 
science of hydrodynamics has not yet progressed to the point where the rela- 
tion between the velocity distribution adjacent to a surface can be related 
quantitatively to the drag of the water along the surface or to the velocity 
“gradient” adjacent to the surface; but progress along this line is rapid, and 
the.near future may bring sufficient advancement in this field to’ enable more 
exact analysis to be made. For the present, however, it is sufficient to state 
that when the high velocities extend close to a surface the pushing or dragging 
force of water on the surface is greater than if these velocities close to the 
surface are low. 

In a very narrow, deep section, the velocities close to the sides are as high 
as, or higher than, those close to the bottom. If the velocity in such a channel 
is increased gradually, due to the added force of gravity on the side material, 
motion would occur first on the sides. 

The design of a channel to convey clear water where it is desired to 
obtain the smallest practicable slope, therefore, consists, from the hydraulic 
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standpoint, of securing the smallest ratio of bed width to depth that will not 
produce scour on the sides, provided such ratio is not less than that which 
will give the smallest wetted perimeter for a given earthwork quantity. This 
latter qualification will probably rarely control. The design of a channel 
for the second type of conditions, where the highest practicable mean velocity 
is to be secured, is obtained by proportioning the ratio of width to depth so 
that the forces tending to produce movement, both on the sides and bottom, 
are the maximum they will stand without motion. For canals in the third 
class, where it is desired to make the ditch as steep as possible without pro- 
ducing scour, it is customary to make the section wide and shallow in order to 
reduce the hydraulic radius and thus lower the velocity. For such very wide 
ditches the scour would be greatest on the bottom, and this condition would 
control the slope that might be used. Theoretically, there is no limit to the 
slope a ditch might be given because the velocity could be reduced to any 
desired value by making it sufficiently wide and shallow. As a practical 
matter, however, it has been found that when the depth is made very small, 
the irregularities of construction are such that scour starts in the slightly 
deeper parts of the channel and enlarges them, causing a progressively greater 
concentration and scour until the beneficial effect of the widening is lost. 
This action has been noted in ditches with steep slopes 8 to 10 ft wide and 
0.6 to 0.8 ft deep. 


CHANNELS Carryina Soups in SuspENSION 


It is quite generally agreed that material can be carried in suspension by 
a stream because of the vertical currents that occur in flowing water and carry’ 
the solid particles upward at a greater rate than the force of gravity causes 
them to fall. A promising hypothesis for the capacity of a stream to trans- 
port material in suspension, therefore, should be that the capacity is propor- 
tional to its turbulence, which, in turn, is probably proportional to the energy 
expended. The concentration of a given quality of solids which a stream 
could support, therefore, would be proportional to the energy expended per 
unit of volume of the water. This energy is proportional to the rate of fall 
of the water, which is equal to the product of the velocity and the slope. 

This is a kind of over-all relation, however, and silting may occur in one 
part of a ditch cross-section while other parts may be scouring. Because the 
velocity near the edge of a stream flowing in a trapezoidal section is low, in a 
channel carrying silt in suspension there is a tendency to deposit at that point. 
This is aided by the growth of vegetation, and usually a berm is formed which 
creates steeper sides to the section than were originally constructed. This 
material is quite resistant to scour, and forms more or less evenly even in 
ditches where there are high velocities. This action is not ordinarily very 
detrimental, and is often anticipated and allowed for by computing the 
capacity of the channel with the slopes which it is expected the silt will 
cause, rather than the slopes to which it is first excavated. 

It is probably not feasible to prevent entirely the deposition of suspended 
material along the edges of channels in earth, although it may be reduced 
by using higher velocities, The greatest difficulties from suspended matter 
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occur in ditches where the slopes are so slight that the energy being dis- 
sipated in the water is insufficient to prevent deposit. The remedy in these 
cases is to increase the velocity, or to remove the suspended material in some 
kind of desilting device. 


CHANNELS CarrRyIna Bep Loap 


Irrigation channels frequently carry considerable solid matter by dragging 
or pushing it along the bed, with either clear or silt-laden water flowing above. 
The quantity of material depends upon the velocity near the bottom of the 
channel. Higher velocity is probably necessary to move the same quantity of 
coarse material as fine material. If a channel is supplied with a heavy bed 
load, in order to be stable it must move this load along; otherwise, the channel 
will become filled. This requires a high velocity along the bottom, as com- 
pared with a channel carrying clear water. For a given quality of material 
in the banks, the velocities that could act on the banks in the two cases would 
be the same. To be stable, the channel carrying bed loads, therefore, should 
have a higher velocity along the bed, but the same velocity along the banks, 
and this could only occur with a wider, shallower section. Heavily loaded 
channels in easily scoured material therefore, should have high ratios of bed 
width to depth. If the banks of the loaded channel are of material which is 
resistant to scour, the ratio of bed width to depth can be less than in friable 
material without scouring the banks. 


CoLLoms 


Colloids carried in the water exercise a considerable effect on the shape 
of the channel cross-section. They cement the fine particles which collect 
along the sides of the ditch and are responsible for the vertical or nearly 
vertical banks which exist in many canals. This colloid cemented material 
along the sides is more resistant to scour than the size of material would 
indicate, and thus permits higher velocities along the banks than would other- 
wise be allowable. To a certain extent also colloids may cement the particles 
composing the bed and make it more resistant to scour. It is believed, how- 
ever, that some of the effects ascribed to colloids are really due to the presence — 
of a high silt load. The ability of the canals of the Imperial Valley, which — 
are constructed in fine. silt, to carry velocities of 4 or 5 ft per sec without 
scour has been ascribed to colloids, but the writer believes that a large part of { 
it is due to the presence of the high silt load. When these canals are supplied 
by the All-American Canal with desilted water, their beds will scour consider- _ 
ably, and this would not be prevented by the colloids. . ig - 


ReEcENT CONCEPTIONS OF FLiow Nor Usep 


To engineers who are familiar with the latest theories of stream mechanics 
and hydrodynamics, the foregoing analysis of the factors controlling stable 
channel shapes may seem somewhat crude, and in’ ignoring the. drag theory 
of bed-load movement and the conception of velocity gradient, it may appear. 
that the writer has not taken advantage of the best available information.: 
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In making the study outlined herein, the most recent pertinent literature in 
stream mechanics and hydrodynamics has been analyzed to determine all the 
material that was applicable to the problem. A list of these references is 
included in the “Bibliography” contained in this paper. Since many engineers 
are not familiar with recent ideas, however and since a knowledge of them is 
not necessary to understand the relations developed regarding stable channel 
shapes, it was believed to. be better to explain these relations in terms of con- 
ceptions with which all engineers are familiar, rather than to make it unneces- 
sarily confusing to some by adding the other new ideas. 


AGREEMENT or SuccESTED RELATIONS WITH OBSERVED Data 


The relations suggested in this paper seem to agree with the observed data, 
as shown on Figs. 1 and 2. The critical velocity shown for the Nile River on 
Fig.1 is much less than that found by Kennedy in India and also less than 
that for the Imperial Valley canals. The quantity as well as quality of silt 
is an important factor in these cases. The silt in both the Nile and Colorado 
Rivers is fine, but the Imperial canals require a much higher velocity than 
the canals of Egypt because the quantity of silt is much greater in the 
Imperial canals. The critical velocity for the canals observed by Kennedy 
is higher than those in Egypt, probably because the particles moved on the 
bed were larger, and, therefore, required higher velocities to move them. 
The Imperial canals require more velocity than the canals observed by Kennedy, 
although the latter have coarser loads, because the velocity required to trans- 
port the immense bed load of the fine Imperial Valley sand is greater than that 
necessary for the lesser quantity of coarser sand of the canels mentioned by 
Kennedy. 

A similar agreement of the relations previously discussed in found in the 
data on bed width-depth ratios as shown on Fig. 2. In the canals of Egypt 
the velocities are low and, therefore, the velocities along the sides, although 
relatively high because the channels are narrow and deep, are still below those 
that will move the side material. The bed load is fine and small in quantity 
and, therefore, the low velocities along the bottom are sufficient to move it all. 

The Indian canals shown on the diagram (Fig. 2) carry medium loads of 
rather coarse material and, therefore, require rather wide sections. The 
Imperial Valley canals carry immense loads of fine sand, which require high 
velocities to transport. In order that the velocities along the sides may be 
low enough so that the banks do not scour, the bed width-depth ratio must 
be high. In three of the four canals on which data are available, this relation 
is higher than that indicated by the equations of either Woods or Lindley. 
These had readily erodible sides. The fourth, which had a lower bottom, 
width-depth ratio, had sides composed of material which had considerable 
resistance. The three sections with easily erodible banks gave widths con- 
siderably greater than is indicated by Lacey’s formula for the type of silt which 
they contained. It is believed that Lacey’s formula was based on data from 
canals which carry loads of considerably less magnitude. 
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SrasLe CHANNEL SHAPES 


The only investigator who has attempted a closer definition of the shape 
of stable channels than the bed width-depth relation is Lacey. He states (18): 


“That natural silt-transporting channels have a tendency to assume a semi- 
elliptical section is confirmed by an inspection of a large number of channels 
in final regime and an examination of cross-sections of discharge sites of 
rivers in well-defined straight reaches of known stability.” 


He concluded that stable channels would be semi-elliptical, with the major 
axis horizontal, and with the ratio of the major axis to the semi-minor axis 
depending on the nature of the silt carried, being greater for coarser silt. 

The results of the writer’s investigations do not support this conclusion. 
A convenient way of comparing channel cross-sections is by means of a ratio, 
which may be called the “form factor,” between the area of the channel sec- 
tion, up to the water surface, and the area of the enclosing rectangle. For an 


ellipse this ratio would be z “4, 0.79; for a parabola, 0.67; for a triangle, 


0.50; and for a rectangle, 1.00. A study of a large number of cross-sections 
channels carrying a heavy load of graded silt, ranging from colloids to fine 
observed by Kennedy were reported to have practically vertical sides and 
horizontal bottoms, which would give a form factor of 1.00. 

Just what shapes for stable channels are produced by all varieties of con- 
ditions has not yet been determined, but the writer has observed that for 
channels carrying a heavy load of graded silt, ranging from colloids to fine 
sand, the sections have nearly horizontal beds composed of the fine sand and 
nearly vertical sides of silts and clays. Such channels have form factors of 
about 0.90. This is the condition on the canals of the Imperial Valley. This 
difference between the composition of the bed and bank material has also been 
observed in India. Similar conditions result in channels carrying consider- 
able bed load and a moderate quantity of fine silt. For a channel carrying 
water containing a small quantity of silt at high velocity in a material con- 
taining a considerable number of cobbles, the cross-section is distinctly saucer- 
shaped, most of the section being covered with cobbles, but with a small 
silt berm at each edge. This condition was observed on some of the ditches 
on the Uncompahgre Project, in Colorado, and in the San Luis Valley, in 
Colorado. One ditch that was carefully measured, had a form factor of 0.85. 
It is believed that further study will disclose typical shapes for a number of 
common conditions and the reasons therefor. 


VARIATION IN DISCHARGE 


The design of the best section for many canals is complicated by variation 
in the flow they are to carry. Some canals fill at one time and scour out at 
another, a substantially stable channel resulting from the balance of scour 
and fill. Many of the data which can be secured on stable shapes are com- 
plicated by this discharge variation. No rules can be given for the treatment 
of such cases. Until the problem of the simple case of relatively uniform 
flow is obtained, the more complex case of variable flow can be attacked only 
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by the application of engineering judgment based on a knowledge of existing 
conditions and available information regarding shapes required for uniform 
flow. 
i 
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‘FRUSS:- DEFLECTIONS: 
THE PANEL DEFLECTION METHOD 


By Louis H. SHOEMAKER?!, M. Am. Soc. C. E. 


SYNOPSIS 


The purpose of this paper is to describe a new method for computing 
the deflections of trusses. In principle, the method is similar to that of 
computing the deflections of beams, use being made of the distortions of 
the individual panels. In this manner, the deflections of all the panel points 
of a truss can be computed. with a considerable saving in work over other 
analytical methods. Therefore, it offers material advantages in computing 
the reactions of statically indeterminate structures. 


APPLICATION OF THE METHOD 


To compute the deflection of a point of a beam of constant moment of 
inertia with reference to a tangent to the elastic curve of that beam, the 
sum is taken of the products of the angular change of every vertical section, 
multiplied by its distance from the point. If the moment of inertia of the 
beam is not constant, it is necessary to divide the beam into longitudinal 

sections of lengths corresponding to the different moments of inertia. In 

this case, the deflection of the point is computed by taking the sum of the 
vertical distortions of the different longtitudinal sections, plus the sum of 
the products of the angular distortion of each section, multiplied by the 
distance of the section from the point. It is evident that the same method 
can be used to compute the deflections of a truss by utilizing the distortions 
of the individual panels of the truss. 

To apply the method to a truss, a convenient point is selected as the 
origin, from which all deflections are measured. The vertical and horizontal 
deflections and angular distortion of every panel are computed. In Fig. 1, 
ABCD represents any panel of a truss. The origin of ‘deflections is con- 
sidered as being at some panel point to the right. The point, A, and the side, 
AB, are taken as reference point and direction from which panel distortions 
are measured. The triangle, ABC, will be called the deflection triangle, 

Notn.—Disecussion on this paper will be closed in February, 1936, Proceedings. 

1 Phenix, Ariz. ‘ 


1328 PANEL DEFLECTION METHOD Papers 


and (C, the deflection point. The point, D, will be called the secondary 
point. The vertical and horizontal deflections of C are caused. by the changes 
of length of the members of the triangle, ABC. The vertical deflection at D 
is the vertical deflection at C plus or minus the change of length of CD, 
which is also a member of the deflection triangle of the panel to the left. 
The angular distortion of the panel is the angular rotation of CD, due to 
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the horizontal deflections of C and D. The total vertical deflection of any 
deflection point is the sum of the vertical deflections of all the deflection 
points taken from the origin to and including the point in question plus 
the sum of the products of the angular distortion of each panel multiplied 
by its distance from the point in question taken in the same way. The 
total deflection of any secondary point is the deflection of the corresponding 
deflection point plus or minus the change of length of the connecting vertical. 


Notation 
The following notation is introduced in this paper: 


c¢ = length of a chord member of a deflection triangle; c’ = change 
in length, + c’, denoting an increase and — c’, denoting a 
decrease; c = the stress in Member c resulting from a load 
of 1; or a bending moment of 1, applied to the panel; 
length of a diagonal member of a deflection triangle; d@ = a 
change in length, + d’ denoting an increase and — @/ 
denoting a decrease; d = the stress in Member d resulting 
ore load of 1, or a bending moment of 1, applied to the 
panel; 
e = length of a chord member at a secondary point; e’ = a change 
in length, + e’ denoting increase and — e’ denoting decrease ; 
nm = number of panels, counted from the origin; 


eu 
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p = length of a panel; 

u = length of a vertical member of a deflection triangle; wu’ = 
change in length, + _u’ denoting an increase and — w’ 
denoting a decrease; u = the stress in Member wu resulting 


eons load of 1, or a bending moment of 1, applied at the 

~ panel; 

f length of a vertical member between a deflection point and a 
secondary point; v’ = change in length, — wv’ denoting a 
decrease, and + v’ denoting an increase, in length; 

length of a vertical projection of a diagonal member; 

number of panels from the origin to any deflection point or 
secondary point between the origin and the nth panel point; 

= vertical distance of any panel point n panels from the origin 
above or below a deflection point w panels from the origin, 
+ y denoting distance downward and — y distance upward 
from the zxth panel point. 

cross-section area; 

modulus of elasticity; 

horizontal deflection of Deflection Point C with respect to 
Point A; H; = total horizontal deflection of a deflection 
point or a secondary point, distant panels from the origin; 

length of a member: 

angular distortion of a panel with reference to Member AB; 

total axial stress applied to a member; 

a subscript denoting “total”; 

vertical deflection of Deflection Point C with reference to Point 
A; As = A, — (+ w) = vertical deflection of Deflection 
Point C with reference to Point B; As = Ai + (+ v’) = 
vertical deflection of Secondary Point D with reference to 
Point 4; A, = A + (+ 0’) — (£ w’) = vertical deflection 
of Secondary Point D with reference to Point B; 

change in length, c’, d’, ete. 
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GENERAL ForMULAS FOR PANEL DISTORTIONS 


In developing formulas for panel distortions, the method of internal work 
will be utilized. To derive the formula for the vertical deflection at Point C, 


refer to Fig. 1, thus: by proportion, oer 1 se engl d « toi; dee y and 
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The angular distortion of Member CD is derived by reference to Fig. 3, thus: 
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The total deflections are expressed, as follows: 


zn 


a= > [a+erm—a| gadis PAL hese ee, Shean (4) 


and, 


It is evident from the manner in which Equations (1) to (5) have been 
derived that the resultant signs of A, H. and R, have the following signifi- 
cance: + A indicates deflection inward and — A, deflection outward 


with respect to the truss; + H indicates deflection away from the reference ~ 


point and — H, toward the reference point; and, + R indicates left-handed 

rotation if acting to the left of the reference side and right-handed rotation 

if acting to the right of the reference side, and — RF is the reverse. } 
The formulas for panel distortions are very simple in form and com- 


position. There are five terms involved for each panel, the products, c’c, | 


dd, ete. When these terms have been computed, the evaluation of the 
formulas to determine the total deflections, is a simple matter. Two short 
examples are offered to illustrate the application of the method. The loads 
indicated are in kips, 1 kip being equal to 1 000 Jb. 

Example 1.—Deflections of a Simple Truss—In Table 1 the detectiows 
for the 180-ft truss shown in Fig. 4 are calculated. The deflection points 
are 0, 1, and 3. The values of A are the deflections upward of 0 from 2, 
1 from 38, and 3 from 5. The deflection of Point 2 is obtained by adding 
algebraically the change of length of Member 1-2 to the deflection of Point 1. 
The signs of A for 1 and 3 are minus as the deflections are outward, and 
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re 2 4 i 114 85 
6 Panels @ 30 ft = 180 ft e 
i eee ; - — —~-— aA 
Stresses in Kips (Thousands of Pounds) Areas, A, in Square Inches 
Fie. 4. 


that of 0 is plus for an inward deflection. In computing the changes of 
length, the formula, 


12 


? 
000 
is applied in the final calculations. The calculated deflections are upward 
from Panel Point & These are transposed in the last two columns to give 
deflections downward from Point 0, in inches. 


has been used, this being the variable factor. The constant factor, 


TABLE 1.—Dertections or a 180-Foor SimpLEe Truss. 
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Example 2—Horizontal Reactions of a Two-Hinged Arch—In Tables 2 
and 3 the horizontal reactions of the 200-ft arch shown in Fig. 5 are calcul- 
lated: The stresses in the half arch have been computed for a load of unity 
applied horizontally at 0. The formula, 
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“TABLE 2.—Dimensions, 200-Foor ArcH (ExampLe 2). 
ee —ooooeeeeeaeoeqeq=S=S$S$S=S~S~S<S<S000=$S$Sna 


i Products: LENGTH Change in Products: 
Mem- |_ ee tpn 1: Colninn (3)|| Meme |__ length, Column (8) 
bers Equation (6) | X Column bers Equation (6) | X Column 
SymbollIn feet | (¢, 4’, etc.) (4) SymbollIn feet | (¢>@, ete.) (9) 
(D (2) (3) (4) (5) (6) (7) (8) (9) (10) 


(a) DerLection Port 7 


7-9 c 25.0 +2.33 +58.25 8-9 u | 10.0 (0) 0 
7-8 d 26.9 —1.38 —37.122 || 6-7 v 12.5 +0.42 +4.2 
6-8 e 25.0 —2.51 —62.75 Cit DS WOTOLO Ns Saree Sen aaelcareons 
(b) Dertection Port 5 
5-7 ¢c 25.0 +2.14 +53.5 6-7 u 12.5 +0.42 +5.25 
5-6 d 28:0 —2.61 —73.08 4-5 ) 20.0 +1.25 +15.63 
4-6 e 26.1 —1.514 —39.52 aad w BD BLE ore, o'apatal ee e ouee tials 
(c) Dertection Point 3 
3-5 c 25.0 +1.39 +34.75 4-5 u 20.0 +1.25 +25 .00 
3-4 d 32.0 —2.62 — 83.84 2-3 v 32.5 +1.66 +33 .2 
2-4 e 27.9 —0.857 —23.91 Big w 200° | seve clove ee A aera eee 
(2) Dreriecrion Port 1 \ 
1-3 c 25.0 +0.50 +12.5 2-3 u 32.5 +1.66 +53.95 
1-2 d 41.0 —3.02 —123.82 0-1 v 50.0 +1.75 +56 .88 
0-2 e 30.5 —0.555 —16.93 «lee w 32.5. le ast set el Shoe 


has been used in computing the changes of length. The deflection points are 
1, 3, 5, and 7. The values of A are the deflections downward of 1 from 3, 3 
from 5, ete. The deflection of Point 0 is obtained by adding the elongation of 
Member 0-1 to the deflection of Point 1. The horizontal deflection of Point 0 
is obtained by applying Equation (5). The calculated deflections downward 
from Panel Point 9 are transposed to give upward deflections from Point 0. 


TABLE 3.—Reactions, 200-Foor Arcu (ExamMPpte 2). 
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ConcLusIon 


The “panel deflection: method” solves the problem of truss deflections in a 
simpler and more direct manner than other analytical methods. It has the 
advantage of effecting a large saving in the work of computation. 

The principal distortions are expressed by means of formulas, which makes 
the computation easy and: accurate. Two short examples have been given to 
illustrate the practical application of the method. It was not considered 
necessary to include the extended calculations of a large structure. The 
writer, however, has applied the method to the solution of most of the problems 
of indeterminate structures and to the computation of the stresses in a very 
large structure. 
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LATERAL PILE-LOADING TESTS 
By LAWRENCE B. FEAGIN!, Assoc. M. Am. Soc. C. E. 


Synopsis 


Tests conducted at Lock and Dam No. 26, Alton, Ill., to determine the 
resistance under lateral loads of timber and concrete piles, driven’ in 
Mississippi River sand, are described in this paper. The work includes 
descriptions of tests on single piles with heads not fixed, and on groups 
of four, twelve, and twenty piles with heads fixed in concrete test monoliths. 
The field data are presented in tabular or graphical form, and the results 
discussed. In view of the fact that these tests were conducted in only 
one type of soil, and in view of the many variables involved, no mathematical 
‘analysis is included. It is hoped, however, that the results of tests conducted 
by others may be presented in the discussion. 


INTRODUCTION 


Lock and Dam No. 26 on the Mississippi River, at Alton, Tll., is the 
farthest down stream of the twenty-six locks and dams included in the gen- 
eral program of canalization of the Upper Mississippi River. It is situated 
23 miles up stream from St. Louis, Mo., 8 miles above the mouth of the 
Missouri River, and 15 miles below the mouth of the Illinois River. In 
addition to’ being a part of the 9-ft canalization of the 650-mile section 
of river below the “Twin Cities’—St. Paul and Minneapolis, Minn.—the 
pool above Lock and Dam No. 26 will also form a part of the waterway 
from the Great Lakes to the Gulf of Mexico. 

The designs of twenty-two of the twenty-six locks and dams are Sitrety! 
or in part, on piles, driven in most cases in river sand of varying degrees 
of coarseness. Lock and Dam No. 26 is founded entirely on piles, and 
its. designed lift at extreme low water of 25.2 ft is nearly double that of 
any of the other projects founded on piles. Under the twin locks there 
ate about 14200 timber piles and nearly 5000 concrete piles, and under 
the dam, about 13100 timber piles. Although many vertical pile-loading 
tests have been made in various soils, it appears that comparatively few 


' 'SNorn.—Discussion on this paper will be closed in February, 1936, Proceedings. 
‘-1 Senior Engr., U. S. Hngr. Office, Alton, Ill. 
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field tests have been made of the resistance of piles to movement under 
lateral loads; such, for example, as those resulting from back-fill behind the 


i 


land-wall of a lock, or from water pressure on dams. It is hoped, however, - 


that lateral loading tests made by others will be fully described in discussion 
of this paper. 
Purpose or TEsts 


The general purpose of the tests herein described was to secure data on 
the movement of timber and concrete piles in groups of various sizes when 
subjected to lateral loads. In as much as the design lateral load assumed 
under certain conditions, for the piles beneath the river wall of the auxiliary 
lock, is 6.5 tons per pile (which, in general, may be regarded as rather high), 
it was particularly desirable, furthermore, to determine the degree of safety 
of this assumption. Information was also desired for use in designing the 
foundations for the piers of Dam No. 26, and for designing future locks 
and dams on similar foundations. 


Test Mono.itus 


In order to simulate, as nearly as practicable, the actual loading con- 
ditions that will occur in the completed structures, six concrete monoliths 
were constructed on timber and concrete piles driven along the toe of the 
slope of the Illinois shore behind the land-wall of the main lock, as shown 
in Figs. 1 and 2. The heads of the piles were fixed, as in the lock-walls, 


0” 2 10° a1" 
ON a'3/ 3:7 


2'7' 
N <a) 
(a) PILING PLAN 2 : 
Lo} wo 
Cd S 
Note: Piles are Numbered in Order of Driving | o 
Lock Face of Land Wall & 


; Monolith 
Monolith No. 1 ? Monolith No. 2 Monolith No. 3 No. 5 


(b) ELEVATION OF MONOLITHS 
Fic, 1.—PLan AND ELEVATION oF TEST MONOLITHS. 


Monolith 
No. 6 


by being embedded 2 ft in the concrete. The cross-section of Monolith 
No. 1 was typical of the foundation pour of the river wall of the auxiliary 
lock between gate-bays. The section includes two rows of nine piles each 
and a 7-ft width of 35-ft, steel sheet-piling. There are six concrete, and 
twelve timber, piles. Monolith No. 4 was superimposed on Monolith No. 1 
to provide a vertical load approximately equal to that of the river wall 
under the eccentric loading that occurs when the auxiliary lock is filled 
and the river below the dam is at extreme low water. A comparison of 
the loading conditions is shown in Fig. 3. Monoliths Nos. 2 and 3 are 
each on two rows of six timber piles each, or twelve piles to the monolith. 


a 
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Fic. 2.—Vinw or Trst MONoOLITHS, UpprrR MISSISSIPPI River, Lock No. 26. 


Monolith No. 5 is supported by four timber piles and Monolith No. 6 by 
four concrete piles. Thus, provision was made for comparing the movement 
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of monoliths on groups of four, twelve, and twenty piles, assuming the steel 


sheet-piling under Monolith No. 1 as equivalent to two piles. In addition 
to supplying the means of making lateral load tests, the monoliths were 
used for making studies of relative volume changes, heats of hydration, 
ete., with various types of cement and methods of curing. 


SINGLE PILES 


In order to compare the movement of groups of piles with heads fixed 
in the concrete to that of a single pile with head not fixed, lateral tests 
were also made on a single timber pile and on a concrete pile driven as a 
part of the foundation of the land-wall of the locks. 


Driving AND PuysicaL Data 


Table 1 contains pile-driving and physical data for each pile under the 
test monoliths, and Fig. 4, supported by Table 2, shows corresponding data 
for the single concrete and timber piles tested. 


Founpation Conpitions 


A log of a hole, O, bored in the vicinity of Monolith No. 1, is shown 
in Fig. 5. It will be noted that the foundation consists of medium sand. 


TABLE 1.—Pits-Drivina Data* 


1 si ~~ 4 “s 2 
Dimers, | fe | ° 8 |se Diamerur. | Be | © 8 joe 
2 wIncmms | 4.8 3 3 3 5 > in Incuus | 2 8 = 2e 
E Sele. | 3 wes é 32) Cale ae 
BTS 8s | 32 | 35 se 8 $8 | #8 |e |es 
PileNo| g | 3 2 bg | “8 | 22 [28 El[pieno| = | Se bg | 23 | $s lee 

see | 3.8 Sq] so | SP lobal| (Gee | 2 # 3 23 | $8 |5 

ried} § | 25] & | Si) 52) es lets rep| & | FS] o | e218 | Be iF 
S188) s5 | 58/5] 88 gaa 2 |88| 5 | 28/25) &s ge 
a | 3S 23 a iss ga | 25) ° | 23 peat 
ote se|& = is? rw & selz |2 ls# 
ts se|2 | |Ss 3 held re Bs dae 
= a 
2) | 3 | @ | 61 @ | @ 21a] @ | |e 1m! @ 

29.2 TL alesees |G 25 6 .| 27.1] 172 | 103] 99.9] g2 | 1 
29.2] 133] 94] 86.8| 24 6 27.1 | 17% | 10% | 99.9 | 93 i 23.8 
‘}.29.2 | 135 | 93 | 86.8] 24 6 27.1] 178 | 103 | 99.0] 13 8 | 14.2 
‘| 99.2} 192 81.2 | 42 6 22.1] 162} 103 | 78.0|, 68 | 11 | 50.2 
‘| 29:2 | 154] 113 1103.5 | 30 7 25.5 | 172 | 103 | 93.3 | 150 6 | 81.0 
‘| 29:2} 133] 98 | 88.5 | 31 7 29.7 | 132 | 93 | 89.5] 32 7 | 30.9 
‘}29.2| 13 si | 81.6] 14 7 29.6 | 142] 103 | 95.0] 80 6 | 58.2 
| 28:2] 114] 9 | 75.8] 26 6 29.6 | 124 2177.2) 24 7 | 24.3 
‘} 29:1 | 123 4] 81.3 | 44 6 29.7] 133 | 93 | 89.5] 76 7 | 56.5 
‘| 29.3 | 12 2175.2 | 25 6 29.7| 114 | 72 | 74.81 37 7 | 84.5 
‘| 29:1 | 12 88 | 78.2 | 33 9 ‘| 29.6 | 123] 921 85.0 | 30 7 | 29.2 
| 29:0] 13 | 84 | 81.5 | 29 9 ‘| 30.2 | 114 3176.2 | 23 8 | 23.8 
‘| 29:0} 113] 8%] 78.0] 21 9 -| 30.5 | 114] st 178.7] 20 7 | 20.9 
‘| 29:0} 138] 94 | 86.2) 42 9 -| 30.3] 123] 8 | 80.0] 95 8 | 25.2 
‘| 29:0 | 132 | 83 | 82.2] 28 7 30.3] 12 721 78.3) 41 8 | 37.1 
| 29:0] 123] 9 | 82.2] 30 6 30.2} 123} 93] 89.21 26 6 | 26.1 
‘| 28.9] 123] 8 | 80.9] 36 6 30.3 | 114] 8 | 77.2| 30 6 | 29.2 
| 28.9} 13 | 9 | 88.1) 25 6 30.0] 12 8i | 79.3 | 34 7 9) 3254 
‘| 29.0 | 123 $| 76.0 | 45 6 30.0] 122] 84| 82.5] 59 | 13 | 48/0 
‘| 28:9] 12 82 | 78.5 | 35 6 30.0] 122 | 84] 82.5] 45 5 | 39.5 
‘} 28.1] 12 84 | 75.7 | 35 7 30.0 | 124] |84 | 82.5] 73.| 6 | 55.1 
‘| 28:9} 123 3 | 80.7 | 29 6 30.0} 18 | 10% |112-8 | 101 6 | 66.9 
28:8 | 13} | 94 | 86.8 | 25 9 30.0] 18 | 10% |112.8| 77 6 | 57.0 
28.7 | 131 | 94 | 86.6 | 50 9 30.0] 18 | 10% |112.8 | 156 5 | 82.5 
27.1] 172 | 103] 99.9] 65 | 11 30.0} 18 | 103 |112.8 | 47 5 | 40.9 


* Measured stroke of ram, 35 in.; weight of ram, 5 000 Ib; and jet pressure 
pally white oak. ‘ 


+ Concrete pile. 


News formula 


- 


ot tes 


100 Ib. All timber piles were oak, princi- 
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‘The samples, of which sieve analyses are given in Fig. 5, were taken by 
jetting a 2-in. pipe about 3 ft below a 3-in. casing, stopping the jet, and 
permitting sand to enter the 2-in. pipe through side openings, and then 
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Wic. 4.—DEFLECTIONS OF A SINGLE CONCRETE PILD. 


withdrawing the pipe. Although this method affords a reasonably representa- 
tive sample, the sample tends to be somewhat coarser than the material 
from which it is taken, due to the fact that some of the fines are washed 


Taste 2.—Drivine Data, Pines iv Fic. 4 


Tapered 
ee ee 
Description (Bi 4 (by) 
(Bie. 4 “(a)) | Fis: 
(1) (2) (3) 
Location (see Fig. 4 (a)): 
LEMS SFEUECATEYS 9... oes onthe GMa ORC EO che OO aoe ETE Cia ee eee icin ae ice demesne Se ie B E 
SAT URSTMTN URS a Oe Sites cael Ai Rast eg ailelice vTe tata cstvlins ous vidio ais car aye 2V elie ss) Nb ate) ap'sy-< ce nega pale eras can 164.0 B 152.0B 
Total penetration, in feet... .- 2-2. ee eee e eect ete teen cen e meee eens 30 30 
Diameter, in Inches: 
Of the itty Ao ohemTOUNG Mime ste cpilasicthewTelbie ea ie elejere cteis o siycter eterchalsie 18 14 
COR PRO oes OS Ge ore EROS RD OIEIs BOE RO Eee in CEE, eR ees ae 10.75 10 
Total surface area, in square feet, below the ground line....................4.. 112.8 94.2 
Blows in the last foot of penetration Se EM Diemer tea titer OO De 0 Cegeapar PR Cat OR ae 68 100 
Bene cation WithoutyUsing ai JOtamriric as cid /eleslete ele.clets 414.5 oiolw ieee cltieyele wdleriere o's 5 7 
Engineering News Formuia: 
Meno thvoeStroke. im ANCES sc nch spactoare ae) ales sola. sree: ela ge ale che elertiehaicla iNSls als 35 35 
ROC OC) GALI G wiTL COS cit. fi lay a.aisoharattys cat¥ ais siete, sie» cnc tropaval eveyain Stes opelale absiahe 52.7 66.3 


away prior to stopping the jet. A small open pit dug during the progress 
of the tests indicated that the line of saturation was at Elevation 381.7,- 
or approximately 2.33 ft below the base of Monoliths Nos. 2 and 3. A surcharge 
was created at each end of the group of monoliths by sand back-fill. At 
the up-stream end of Monolith No. 1, however, the back-fill above its base 
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was removed for a distance of 3 ft, and at the down-stream end of Monolith” 
No. 6, approximately 5 ft. In view of the small movement of the 


monoliths during the tests, and the fact that there was no perceptible 


SIEVE ANALYSIS 


Water SIEVE 
—\<————— NUMBER 


=} Sample No. 2 (Dry) 


4 
8 
16 


Medium 
Sand 


Sample No, 5 (Dry) 


BORING AT STA. 500 B; 68 FT 
LANDWARD OF LOCK FACE 
OF LAND WALL. 


Fic. 5.—Trst Boring IN VICINITY oF MONOLITH No. 1. 


upheaval of the sand between the monoliths and the toe of the slope of 
the back-fill, it is believed that the movement of the monoliths under test 
was not materially affected by the surcharge. 


EQuipMENT 


The tests under lateral load were made by placing a hand-operated 
hydraulic jack of 350 tons rated capacity between two monoliths and jacking : 
them apart. The loads were determined from an accurately calibrated gauge. 
The jacking equipment is shown in Figs. 6 and %. In order to secure 
sufficient resistance to move Monolith No. 1, heavy oak struts were placed 
between Monoliths Nos. 2, 3, 5, and 6. The point of application of the 


lateral load was 2.5 ft above the base of the monoliths for the test on 


Monoliths Nos. 5 and 6, and 2.0 ft above the base for the tests on Monoliths — 
Nos. 1, 2, and 3. Thus, the point of application was at the general level — 
of the tops of the piles. 7 
OBSERVATIONS 
Observations were taken by reading with a transit a rule held over the — 
jack with its end against a point on the center line of the monolith and — 
2.25 ft below the top. Readings were taken to the nearest yz in. Additional 
observations were taken at the top and sides of each monolith to determine 
whether or not there was twisting or tilting of the monoliths. In general, © 
however, it was found that there was no appreciable twisting or tilting. 
The movement of the single piles in the foundation of the land-wall was 
taken by jacking two piles apart and observing their spread. : 


SEQUENCE oF TESTS 


chee, Chem: ae 2 


The first tests, which were somewhat of a preliminary nature, were 
made on the single timber and concrete piles of the foundation of the 
land-wall, with butts not fixed. Details are shown in Figs. 4(b) and 4 (ec). 
The first test on the monoliths (see Fig. 8(a@)) was made by jacking 
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(152 B-H) AND (149 B-D), 


LATERAL PILE-LOADING TESTS 


TIMBER FOUNDATION 
(Sup Wie. 4(a)). 


PILES, 
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Monoliths Nos. 5 and 6 apart. The load was increased in increments of 
1 ton per pile until a load of 5 tons per pile was reached. This load was 
maintained overnight, after which it was increased to 30 tons per pile. 
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Fic. 8.—PositTion or 350-Ton, MANUALLY-OPERATED HYDRAULIC JACK IN 
LATERAL PILE-LOADING TESTS. 
The results of this test are shown in Table 8 (a) and Fig. 9(a). (it is to 
be noted that, in Fig. 9, the loads are in tons per pile. Each cycle comprises 
a variation from no load to the indicated load and back to no load.) 

The second test was made by jacking Monoliths Nos. 2 and 8 apart, 
each of which is supported by twelve timber piles. The load (see Fig. 8 (b)) 
was increased in increments of 1 ton per pile until a load of 10 tons 
per pile was reached, which was then maintained overnight, after which 
it was increased to 20 tons per pile. Following each increment the load 
was released and the permanent deflection observed. The results of this 
test are shown in Table 8(b) and Fig. 9(b). 

The third test was made by placing the jack between Monoliths Nos. 1 
and 2 (see Fig. 8 (c)) and placing oak struts between Monoliths Nos. 2, 3, 
5, and 6. A load of 4 tons per pile, assuming the steel sheet-piling as the 
equivalent of two piles, was maintained overnight. This load was then 
increased to 6.5 tons per pile (the design load of the river wall of the 
auxiliary lock) and maintained over the week-end. The load was then 


November, 1935 LATERAL PILE-LOADING TESTS 


: TABLE 3.—Larerat Pire-Loapina Trsts 
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Ag gS TN Ee ae ee 36 9.0 10 5 7 3 1 130 6.5 5 3 
At a es 0 A as 40 | 10.0 12 6 8 4 1 130 6.5 5 3 
Dire rerevers | 4s rtiete sate 48 | 12.0 14 Battle 10 hate 1 130 6.5 7 3 
ad Shee ts ob iala tte ou 56 | 14.0 | 17 Bee 13 a ee 1 130 | 6.5 ‘is 3 
Ddstcamiiles se heeds 64 | 16.0 | 20 9 16 9 1 130 | 6.5 7 3 
Dias fence sblene vo 80 | 20.0 | 29 14 26 14 1 130 | 6.5 7 3 
PRA aR RR Ree 100 | 25.0] 42 Suan 42 nae 1 130 | 6.5 7 3 
27.....| 11:00 A.M. | 120 | 30.0} 56 30 56 38 g.8 u 3 
(6) A=Mownottra No. 2; B= MonotitH No. 3 1 130 6.5 : 4 
Cae PRISM || meLol n eDd pee l iee ad Blak ind acs 1 30) 6.5) 7 4 
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1 130 6.5 8 4t 
2 Eee (rg 72 6.0 5 2 6 2 
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BTR uns 5 Ee COS mG ea | I vara | gs 
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Oh epee |G AGO Cee 78 | 6.5 7 3 9 5 
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il 180 | 9.0 9 4 
DU RBtee Nh Nesters 0 84] 7.0 8 4 9 4 
27 3:00 P.M 84 70 8 4 9 4 PpAlloeeasaiest ts 200 | 10.0 11 4 
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ES a Aci eR aN 96] 8.0 9 4 11 5 . 
Oa = Pree Isaac ead 96 8 0 10 12 2 12:00 A.M. 200 | 10.0 20 i 
1 Pt ae : Bale a A 9:20AM. | 2401 12:0] 26 16 
ile APRA | atts. elsis) sieve 108 9.0 10 5 13 ia 
A Scape paras 280 | 14.0] 31 18 
MPL erate ML diets tate.a:3fs'2, 108 | 9.0] il 5 14 7 
BEM cine sites 108] 9.0} 11 |....] 16 Je... ff 4 | aacsaee ae gee Pas beencltee 
Be a ee ae 120| 10.0] 11 | 6 | 16 | 8 4 | 10:30A.M. | 366 | 18.3 | 45 
DT MPSS Ce ccteinaicte c's 120 | 10.0} 12 6 16 (De ANS DOS OM apo coR BOGS Sole The tse ieee aay 
Q7 tee 3:05 P.M. 120} 10.0] 12 6 16 10 ff cesses | terre reese 
DT Sec. 4:05 P.M. 120 | 10.0 12 Pesce 16 CIC NES Sl MIO SS 
BS cksints 9:40 A.M. } 120] 10.0] 14 8 17 0 (ee! | (eG CORD CR ICRC cnn 
PAS set ete Mir stars:alele 1 </0:0 120] 10.0] 14 BS AG 17 Fo.e6 | (ROIS Dit he POO IO 
ES eal Neh SONS 132 | 11.0 15 8 18 10 i]] ci eee | bee cele eece 
2fSe-o tena | ABP Bete odes 132 | 11.0] 15 Rone 18 SoEy 4h SDTO DM THOS. 
OZ Ritts oi tilprcie) c= exer ota. e i 144 | 12.0 16 8 20 (0 | os cco 
JB 08 oo RGR Aastebe PPO 144 | 12.0 17 9 22 10 Ge | ees 
Gree el biersigoe «chee 144 | 12.0] 17 Pree 21 foes |) 8 Ce Oe MOG ae ior, 
OTs pee oc nee 168 | 14.0] 20 10 26 1028 (0 COD OONA ME TSO CCRT: 
74S Oy, Se 168 | 14.0} 21 25 Bhs eRe ae | ie > eaten Fae 
bi aise SSNOsedceee 192 | 16.0 | 26 13 28 LA Peal i pretsiars' cin fl Toherwigiesae stare 
PACS ete (aaa ate 192 | 16.0} 30 30 Fate Ah jp aPC DCA a 
aS retaelicotes asses 192 | 16.0} 30 388 30 Gcigir idl | eae 2S eal ee Si 
BS ciate 10:25A.M.| 240 | 20.01 38 18 39 QDIA A seisinisic's! by eistteieivie 22 = 
* Load of 5 tons per pile sustained overnight. _ {Five cycles of load. t 25 cycles of load. . 
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alternated from 0 to 6.5 tons for 53 cycles, after which it was increased 
to 10 tons and alternated from 0 to 10 tons for 25 cycles. It was then 
maintained at 10 tons per pile overnight and again alternated from (@ to 10 
tons for 25 cycles. After continuing to maintain a load of 10 tons for two 
more days, the load was then increased to a total of 366 tons, or 18.3 tons 
per pile—the capacity of the jack—and the test was completed. From the 
morning of October 1 to the completion of the test on October 4, the soil 
around Monolith No. 1 was thoroughly saturated by a hose from which 
water was allowed to run continuously. The results of this test are shown 
in Table 3(c) and Fig. 9 (ce). 


Discussion or Resubts 


A comparison of the deflection of the single piles and the monoliths for 
different loads is given in Fig. 10(a). It will be noted that the least 
deflection was shown by Monolith No. 6, on four concrete piles (see Fig. 1). 
That of Monolith No. 5 on four timber piles was greater than that of 
Monolith No. 6 by a maximum of ¢ in. at 10 tons, and, for loads from 25 to 30 


tons per pile, the movement of the two monoliths was the same. The 


maximum deflection for any of the monoliths at 4 tons was 4 in. and at 
6.5 tons, = in. For all practical purposes it appears that for loads less 
than about 6 tons per pile the deflection of all monoliths was about the same. 

It will be noted by referring to Fig. 9 that sustained loads and repetitions 
of load resulted in progressive deflection. In the case of Monolith No. 1, 53 
cycles of load from 0 to 6.5 tons resulted in an increase in deflection from 
xz in. to } in., and 53 cycles from 0 to 10 tons resulted in an increase 
from 43 in. to 4% in. The effect of sustaining the load appeared to be less than 
frequent repetitions of the same load; for example, applying a sustained 
load of 6.5 tons for 48 hr on Monolith No. 1 resulted in no increase in 
deflection, whereas 53 cycles from 0 to 6.5 tons added 3, in. to the deflection. 
The greater deflection of Monolith No. 1 may have been due, in large 
measure, to the fact that it was subjected to 128 cycles, whereas the other 
monoliths underwent less than 40 cycles. 

Level readings taken on a point fixed in the top of Monolith No. 1 
indicated that no vertical movement occurred during the test on that 


-monolith. There was a permanent deflection or set for all monoliths for 


loads of 4 tons, or more. For loads of 6.5 tons this permanent set amounted 
to from 7s in. to $ in. For maximum loads of 30 tons per pile the 
maximum deflection of Monoliths Nos. 5 and 6 was 1# in. and the permanent 
deflection, or set, was +3 in. yen under such severe loading there was 
no definite failure, and subsequent examination did not disclose any distress 


_ in the fibers of the piles. 


Observations taken on the up-stream end of Monolith No. 1 near the 
base and at the top of Monolith No. 4 indicated that there was no tilting. 
Tilting would not be expected, however, unless the vertical loads on the 
piles at the toe caused settlement, or unless the lateral loads were such 
that the piles at the heel might be pulled upward, or both. An examination 
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of the sizes of the piles indicates that the average shear for loads of 6.5 tons 
per pile was about 85 lb per sq in., which is not serious. 

In order to determine the effect of the size of the group of piles loaded, 
the movement of each monolith was plotted against the number of piles 
in the group (see Fig. 10(b)). For loads of less than about 6.5 tons per 
pile the size of the group appears to have no influence on the deflection, 
whereas, for higher loads, the deflection appears to be less for the smaller 
group. 

Finer Srress Investigation 

Following the completion of the foregoing tests the sand was removed 
beneath the up-stream end of Monolith No. 2 to a depth of 2.17 ft, the level 
of the line of saturation, thereby exposing two of the timber piles. A careful 
examination of these -piles failed to disclose any indication of failure in 
the fibers. Plugs were then inserted on 10-in. centers in the up-stream 
and down-stream sides of the two up-stream piles. The top plugs were 8 in. 
below the base of the monolith (see Fig. 11). By means of an extensometer, 


Sr aes ahah 


Monolith No. 2 


Band B, 
Tension Side 


Bie. -11: 


observations were then taken on the strain in the outside fibers of the piles 
both on the up-stream, or compression, side and on the down-stream, or 
tension, side, for various lateral loads ranging from 6.5 to 30 tons per pile. 

In order to determine the modulus of elasticity of the oak piles and 
thereby determine the fiber stress, the two piles were sawed off beneath 
the monolith, and blocks were tested in the compression machine in the 
Concrete Laboratory. The strain was determined by means of a com- 
pressometer as shown in Fig. 12. In Fig. 13 (b) is shown the derivation 
432 


0.000230 
and in Fig. 13 (a), the fiber stress in bending for various loads as determined 
by the extensometer measurements both for the compression and tension 
side of the piles. It will be noted that the fiber stress in the compression side 


of the modulus of elasticity, which was determined as =1 878 260, 
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was only about 60% of that in the tension side. This would seem 
to indicate that there was a tendency to pull the pile upward which partly 
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counterbalanced the compression from bending 
in the compression side and increased the ten- 
sion on the tension side. It is probable that 
the strain measured may have been affected 
by the fact that the plugs were inserted between 
the point of fixation of the head of the pile 
and the point of contraflexure. The data shown 
in Fig. 13 are based on observations repeated 
with great care and are believed to be essentially 
correct. Prior to the time that they were taken, 
however, Monolith No. 2 had been subjected to 
lateral loads from both directions during the 
tests outlined previously herein (under the head- 
ing “Sequence of Tests”) with loads as great 
as 20 tons per pile. Under the maximum load of 
90 tons, with the jack between Monoliths Nos. 2 
and 8, Monolith No. 2 had received a permanent 
deflection, or set, of ~ in. These data are 
included, therefore, only as an indication of the 
extreme fiber stresses created above the point 
of contraflexure, following a series of reversals of 
load. ; ' 

It is apparent that, although the observed fiber 


stresses under loads within the range normally used for design are quite low, 
and well within allowable working stresses, nevertheless a permanent deflection 
was produced by loads equal to or exceeding about 4 tons per pile. A possible 
explanation is that greater stresses may have been set up within the pile below 
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_ the point of contraflexure not only in bending but in direct tension as a result 
of an upward force tending to pull up the pile. The point at which the elastic 
limit is reached is somewhat conjectural, as lateral movement. of the pile 
may be accompanied by a displacement of the sand which might fill the 
space left on the back side of the pile, thereby preventing its full return 
to its original position. An examination of these piles at the base of the 
‘concrete showed that under load the bond between the pile and the concrete 
was broken on the down-stream, or tension, side of the pile, forming a 
crack in which the blade of a pocket-knife could be inserted. Nevertheless, 
the head of the pile was still firmly held in the concrete. The sand was 
also dug out to the water-table beneath a part of Monoliths Nos. 5 and 6 
after the foregoing tests. A careful examination of both concrete and 
timber piles showed no indication of distress, although these piles had been 
subjected to a lateral load of 30 tons per pile. 

Plugs were then inserted, on 10-in. centers, in the up-stream and down- 
stream sides of one of the concrete piles, with the top plugs 8 in. below 
the base of the monolith. The jack was again set between these monoliths 
and observations were taken as before with an extensometer. Again, it was 
found that the observed strain on the down-stream or tension side exceeded 
that in the compression side. The resulting computed stress did not reach 
600 Ib. per sq in. until the load was increased to 28.5 tons per pile. The 
load was then increased to 40 tons per pile. Between 30 and 40 tons per pile 
several circumferential cracks developed in the concrete piles, but there was 
no indication of distress in the timber piles, all of which were of oak. 
_ The concrete piles, which were typical of the concrete foundation piles driven . 
under the lock walls (see Fig. 14), were manufactured by spinning a very © 
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rich mixture (9.6 sacks of cement per cu yd) in a horizontal cast-iron mould 
at 400 rpm, for 4 min. The result was a very dense concrete with 14-day 
strengths averaging about 5200 Ib. per sq in, 
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The movement of the monoliths was so rapid at the higher load that 
the resistance was insufficient to permit the building up of a load greater 
than 40 tons per pile. When the ram of the jack was fully extended, 
Monolith No. 6 had moved a total of 10 in. and Monolith No. 5, a total 
of 8 in., measured at a point 2 ft 3 in. below the top of the monoliths 
(see Fig. 15). In view of the tilting, the corresponding horizontal movement 


Fig. 15.—Tintinec or Test Mononitus Nos. 5 at Lert,  anp No. 6 at RicHt, UNDER | 


LatTerat Loap or 40 Tons per Pine, with RAM or JACK FULLY EXTENDED. 


of Monolith No. 6 at the base was approximately 6 in., and that of Monolith 
No. 5 about 5 in. This difference ‘in movement of the two monoliths may 
be accounted for, at least partly, by the probability that the piles beneath 
Monoliths Nos. 1, 2, and 3, contributed resistance to the movement of Mono- 
lith No. 5. Under this maximum load the two concrete piles nearest the 
jack were pulled upward about 3 in., and the two timber piles nearest 
the jack, about 2 in., resulting in corresponding tilting of the monoliths. 
It was again observed that under load the bond between the pile-head and 
the concrete was broken on the tension side of the concrete and timber piles, 
forming a crack in which the blade of a knife could be inserted. Never- 
theless, the piles were still firmly held in the concrete. 


Resistance or Som Rewative to THat or Pines 


In Fig. 16 are shown four curves of deflection of concrete piles plotted 
against load. Curve A represents the deflection of a pile tested in the open 


while lying in a horizontal position on a testing rack with the fulerum 


é 
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at the mid-point and the load at the butt, but with the butt not fixed. 
Curve B is similar to Curve A, with the exception that the fulerum is 
at the third point. The other two curves represent the deflection of. piles 
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driven in the foundation sand, one with head not fixed and the other with 
heads fixed in Test Monolith No. 6. All these piles were of the same size 
and were similarly reinforced. It will be noted, as might be expected, 
that the deflection at the yield point decreased quite rapidly as the moment 
arm was decreased. 

When a load of approximately 30 tons per pile was being applied during 
the final test, it was found that a carpenter’s rule could be inserted to a 
depth of 6 ft in the space between the pile and the adjacent foundation 
sand on the side of the hole nearest the jack. This would indicate that 
“the moment arm on the pile was slightly more than 8 ft, as the sand had 
been excavated to a depth of 26 in. Probably the length of pile above 
the second point of contraflexure did not exceed about 10 ft, which is 
very nearly equal to the moment arm of the pile represented by Curve B. 
Bearing in mind the difference in application of load and of fixation, it is 
noted nevertheless that loads producing any given deflection up to 13 in. 
in the pile represented by Curve B, were uniformly only about 14% of the 
loads required to produce corresponding deflections in the piles under 
Monolith No. 6. It appears, therefore, that by far the greater part of the 
resistance to lateral movement was supplied by the passive pressure of 
the soil than by the resistance of the pile itself. In view of the importance 
of limiting lateral movements in structures to a minimum, it is believed, 
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nevertheless, that the structural rigidity of the pile itself is of primary 
concern, especially for about 10 ft below the base of the concrete foundation, 


as the line of support of the soil lies several feet below the top of the soil. 


Errect or Tests on Concrete In Mononitus 


a 


After completing all the tests a careful examination of all the monoliths : 
failed to reveal a single crack in the concrete, with the exception of — 
Monolith No. 5, in which diagonal cracks developed on one side near the — 
base during application of the final load of 40 tons per pile. Incidentally, — 
in order to determine (as a matter of interest) the resistance of the concrete — 
to punching, the steel plate used throughout the tests to distribute the load | 


from the jack, was removed after the lateral test between Monoliths Nos. 
1 and 2 was completed. The load was again increased to 366 tons, with 
the 9-in. ram of the jack bearing directly on the concrete, thereby con- 
centrating this load on an area of 63.6 sq in., or 11500 Ib per sq in, 
without giving any evidence of crushing the concrete. 


ConcLusions 


othe 


It is recognized that conclusions of a general nature are warranted only — 


by extensive and conclusive tests under a wide variety of conditions. The 


following conclusions, therefore, are confined to the soil conditions and 


piling arrangement under which the tests were made: 


(a) For structures built on timber piles in which lateral movement of 


not more than } in. is allowable, a maximum lateral load of not more than 
4 tons per pile should be allowed if the piles are subject to fatigue by 


frequent repetitions or reversals of load, or 4.5 tons per pile if the load 


is merely to be sustained; 


(b) For structures built on timber piles in which a lateral movement 
of not more than } in. is allowable, a maximum lateral load of not more 
than 6.5 tons per pile should be allowed if the piles are subject to fatigue 
by frequent repetitions or reversals of load, or 7.0 tons if the load is to be 
sustained ; 

(c) Walls supported by piles having adequate vertical bearing capacity, 
when subjected to lateral loads as great as 20 tons per pile, will remain 
vertical when moved in a horizontal direction; 

(d) Fixing the heads of the piles is essential in order to determine, 
accurately, the movement of structures under lateral loads; 

(e) Frequent repetition of lateral loads results in slightly greater lateral 
movement than a sustained load of the same magnitude; 

(f) For lateral unit loads as great as about 6.5 tons per pile on a group 
of piles’ arranged in two rows, as under the test monoliths, the total 
resistance to movement increases in direct proportion to the number of 
piles. (As the unit lateral load increases above about 6.5 tons per pile 
this no longer applies and the resistance per pile becomes less as the tote ties 
of piles in the group increases); and 


; 
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(9g) The use of concrete piles of the type tested under Monolith No. 6, 
will permit increasing the designed lateral loads given in Conclusions (a) 
and (b) by from 1 ton to 2 tons per pile. 
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Discussion 


By A. E. CUMMINGS, Assoc. M. Am. Soc. C. E. 


A. EK. Cummines,’ Assoc. M. Am. Soc. C. E. (by letter).“—A_ considerable 
store of valuable information on the lateral deflection of foundation piles is 
contained in this paper. The writer is fortunate in having had a number of 
opportunities to discuss these tests with the author and the method of analysis 
herein proposed was developed for the particular purpose of attempting to 
check, theoretically, the experimental data presented. 

The assumption is made that the upper end of the pile is embedded deeply 
enough in the foundation to be fixed against rotation. It is also assumed 
that the lower part of the pile is fixed and that some unknown length, Z, of 
the upper part is bent into a deflection curve as shown in Fig. 17(a). The 


6EL 
+ Ei +uEY 
Sear ce | 
| nN 
_ 6Elf 12Elf 
_|s fe au Te 
2 (a) (6) (©) 
vc 
AE 
2 
NTC se elive 


positive directions of the co-ordinate axes are taken as shown and the point 
of reverse curvature is assumed to be at a distance of 4 L from the top, at 
which point the deflection is one-half the total deflection, f. 


a a a ee a a 

Norn.—The paper by Lawrence B. Feagin, Assoc. M. Am. Soc. C. H., is published 
in November, 1935, Proceedings. This discussion is printed in Proceedings in order that 
the views expressed may be brought before all members for further discussion. 


2Dist. Mgr., Raymond Concrete Pile Co., Chicago, Il. 
?a Received by/ the Secretary August 1, 1935. 
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The pile is considered first as a free standing column and the surround- 
ing soil is ignored temporarily. It is assumed that the equation of the central 
line of the deflected pile can be expressed by the power series’: 


er (2) +'a, (=) + a; (2) PLEO IRE (1) 


It is then necessary to determine the coefficients of the series in such a way 
that the boundary conditions of the problem will be satisfied and the resulting 
equation will represent the elastic curve of the deflected pile. The assump- 
tions as to the shape of the deflection curve furnish the following boundary 
conditions, from which these coefficients are determined: (1) Since the deflec- — 
tion curve is to have a vertical tangent at the top and at the bottom, the first 
derivative of Equation (1) is zero at x = 0 and at « = LD; (2) since the point 
of inflection is to be at the middle of the deformed part of the pile the 


second derivative of Equation (1) is zero at x = 2 ; and (8) the deflection 


is f at « = L. These three sets of boundary conditions serve to establish 
the equation: 


LP y 8 - 
which is the equation of the deflection curve of the bent pile. ; 


Equation (2) is then differentiated, successively, three times. By using the 
differential equation of the elastic curve of a bent beam: 


BIBER = Say a ee (3) 
dx? 


and substituting the second derivative of Equation (2), the following moment 
equation is obtained: 


+e 


He 7 oR Wet ee 2 fe 
M;= EI (Gi BL) Cy «pi aaa thea ee (4) 
In a similar manner, the shear is obtained from the third derivative of 
Equation (2), the result being, 
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V= + ——......, Le 4 oe | 
ae Te faa Es eo (5) F 
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The moment diagram from Equation (4) and the shear diagram from Equa- 
tion (5) are shown in Fig. 17(b) and Fig. 17(c), respectively. 

When the pile stands vertically in the soil, the earth pressures are approxi- | 
mately in equilibrium on all sides of it. When it is subjected to the hori- 
zontal deflection, f, a certain earth load is built up in front of the pile due 
to the passive resistance of the soil. It will be assumed that this earth load 
at any point is equal to the deflection times the elastic modulus of the soil. 
It will also be assumed that the elastic modulus of the sand increases directly 

*“Drang und Zwang”, von Féppl, Vol. 2, p. 312, 
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_ with the depth.* With the positive directions of the co-ordinate axes chosen 
as shown in Fig. 18, the equation of the elastic modulus of ‘the soil may be 
written: 


— x 
gt eink) ah tr 0 02 (6) f 
(23) 
2 : x Curve of 
in which U = the weight per unit volume a Equation 2 
of soil and » =a dimensionless coefficient pt 


determined by the elastic property of the soil. aera 
The unit earth pressure on the front: side 
of the deflected part of the pile is then 


given by, 


in which y is the deflection curve of Equa- 
tion (2) and the assumption is made that 
the shape of this curve is not materially 
changed by the earth load. This unit pressure is: 


p= 2O—9 [2m _2f] ie ae ae (8) 


Fic. 18. 
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The total earth load is, then, 
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which when integrated, gives, 


seen TR rots iy Awe (10). 
20 ce) 
The earth pressure curve in Fig. 18 is given by Equation (8). The point of 
maximum earth pressure can be found by differentiating Equation (8) with 
respect to x; setting this derivative equal to zero; and then solving for z. 
The maximum is slightly above the center (see Fig. 18). 
The earth-load reactions are computed by taking moments about the top 
and bottom points of the deflected part of the pile. Referring to Fig. 18, the 
reaction at the top is: 
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The reaction at the bottom is: 


L L 
(L — 2) = f E 8a 7a 22) 
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4‘Pruckverteilung im Baugrunde’, von O. K, Froehlich, p. 89. 
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The sum of these two reactions is equal to the total earth load as given by — 
Equation (10). 


Rpt RgoP 


() 


Fig. 19. 


To calculate the bending moments and deflections caused by the earth load, 
use will be made of the method of super-position.’ Referring to Fig. 19(a), 
the moment due to the couple at the top is: 


L 
hy x? (L — 2) a 
Mr aah p dx ip ee ee eee (15) 
oO 
Substituting the value of p from Equation (8) and integrating gives, 
3 
UE ae (16) 
60 


The moment due to the couple at the bottom is: 


i 
xz (L — x)? 
Ma= fi p de BE e., at GM vee (17) 
o 


Substituting the value of p and integrating gives: 


M, = Seu int 
70 ow 


The moment produced by the distributed earth load hey the pie is con- 
sidered as a simple beam is, 


L 
us = f pipet at) winapi oeelan (19) 
3 rv 


Substituting for p and integrating, 
4 3 
MoS 13 UfL i 
420 Beg : 
°“Strength of Materials’, by S, Timoshenko, Vol. 1, p. 209. 
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_Combining the moment diagram from Equation (20) with the diagram from 
the two end couples, produces the combined moment diagram shown in 
Fig. 19(b). 

In computing the deflections due to the earth load, it will be assumed that 
the maximum deflection occurs at the center of the span although as has 

' already been shown the earth load is not quite symmetrical. The equation® 

of the deflection curve due to the couples at the ends is, 


_ Mr @iv—2) | Mpb—2) 2Le— 2) 
6EIL 6 BIL 


Ac 


e 
Substituting « = = and the values of M, and M, from Equations (16) and 
(18) gives, at x = - : 
5 e 
Se LT elt gh A Ne tae (22) 
6720 Elw 


The deflection’ at the center of the span due to the distributed earth load 


and considering the pile as a simple beam, for « = L 18 : 


L 
ogee) Opa pe gr eS nell al eae oe tan Site 23 
Ss ib Pp 48 EI ) (23) 
Substituting the value of p from Equation (8) and integrating (io Co 2), 


a inSod SOLA: 

* ~~ 43008 ET « 

I¢ should be noted that these deflections are in opposite directions and that 

they are approximately equal since the numerical coefficient of Equation (22) 
is 0.00193, whereas that of Equation (24) is 0.00207. 

One of the quantities measured in the experiments was the jack load. This 
is an external horizontal force applied near the top of the pile, and it is 
resisted partly by shear in the pile itself and partly by the earth load built 
up in front of the pile. Referring to Fig. 19(c), the equilibrium condition 
for the horizontal forces is, 


H =(V — Rg) + (Rr + Ra)d= V +R ........,.. (25) 
Substituting Equations (5) and (12) into Equation (25) gives: 
2 
Pe NOMA ee CU AE i YG NS (26) 
15 12 w 


Equation (26) indicates that the deflection is a linear function of the external 


load so that the work done during deflection may be expressed by, 
Hf 


Vrs Nae ls Wrage ete weiibe ol sa the oie whe kare (27) 
2 


6 “Strength of Materials’, by S. Timoshenko, Vol. 1, p. 168. 
7 Loc. cit., p. 164. 
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Substituting Equation (26) into Equation (27) gives: 


een 


We ee ee eer ee (28) 


L 24 @ 


The assumption is then made that during deflection the pile follows the 


principle of least action and that the bent length, L, adjusts itself so as to © 
make the total work of deformation a minimum. | Differentiating Equa- : 


tion (28) with respect to L: 


pa AE SD aaah er A DE Ye ae ES Ris ecu (29) 
. oL TA 12 @ 
The condition for a minimum is, 
2 2 
NS BTS ee SE es iia eee <a 
Lt 12 @ 
Solving for ZL gives: 
¢ SHanal nro. 
216 ET w 
ae Ng woke Sue alge digi Aenen tyeite 31 
1 PE a» 


This is a minimum since the second derivative of Equation (28) with respect — 


to L is positive. 
The foregoing theoretical equations will be used to check some of the test 
results on Monoliths Nos. 2, 8, and 5, of Mr. Feagin’s paper. These monoliths 


contained only wood piles, for which a Young’s modulus was determined and 


for which the moment of inertia can easily be computed. The average diameter 
at a point 5 ft below the heads of all the piles in these three monoliths is 
found to be 12.077 in., or 1.0064 ft. The moment. of inertia of a circular area 
of this diameter is 0.0503 ft. The Young’s modulus of one of the wood piles 
was determined as 1878 260 lb per sq in., or 270 469 440 lb per sq ft. The 
average weight of the sand on this site is 112.5 lb per cu ft, dry. .The per- 
_ centage of voids varies from 30 to 37 so that in a thoroughly saturated state 
the sand surrounding these piles weighs about 183 lb per cu ft. This is a 
very dense sand® and the dimensionless coefficient, w, will be taken as 0.005. 
Using these numerical values in Equation (81), the calculated length of 
the deformed part of the pile is 10.2 ft. With this value of Z and with the 
same values of H#, I, U, and , a series of calculations was made with Equa- 
tion (26). For loads of 4, 8, 12, 16, and 20 tons per pile, the theoretical 
deflections were computed and the results are plotted as a dotted line in 
Fig. 20. The observed load-deflection curve (which is the average of the 
data for Monoliths Nos. 2, 3, and 5, taken from. Tables 1 and 2) is plotted on 
the same diagram. It is seen that the computed curve falls somewhat 
below the observed curve, but, in general, the variations between the two are 
no greater than those among the observations themselves. The computed 
curve is on the safe side. In two other ways there are indications of ‘agree- 
ment between observation and theory. Mr. Feagin mentions a measurement 
of the deformed length of one of the piles and reports this as about 10 ft, 


ON ie SRE eR EAM FR i ee RG 
§ “Wrdbaumechanik”, by Charles Terza hi, M. Am. : : ; ap 
Table 24, p. 92. & m. Soc. C ! BE., pp. 11 tes and 
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although the measurement was made on a concrete pile. He also mentions 
_ the fact that the earth in front of the pile provided the greater propor- 
tion of the resistance against deflection, which conclusion is checked by 
Equation (26). 

24 
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Fig. 21(a) shows a combined moment diagram at a load of 16 tons per 
pile, which corresponds to a theoretical deflection of 1 in., the values of 


Bent Length, in Feet 
a 


40 0 4 8 0.05 0 0,05 0.10 
ay icine in Thousands of Foot-Pounds % Earth Load, in Thousands of Deflection, in Feet 
Pounds per Vertical Foot 


Fie. 21. 


L, EH, I, U, and w being the same as before. Fig. 21(b) is an earth-load dia- 
gram for the same numerical values, and Fig. 21(c) is a combined deflection 
diagram for the same conditions, the solid line representing the final 


deflection. 
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In any analysis of this kind it is necessary to make some assumptions. 
The analysis having been completed and having been applied to experimental 
data it is usually desirable to reconsider the basic assumptions. Stated in 
general terms, this problem may be said to involve the determination of 
the stresses and deflections of an elastic rod of relatively high flexural 
rigidity submerged vertically in a more or less elastic medium of relatively 
low elastic resistance, the rod being moved horizontally at the top but fixed 
against rotation at that point so that the tangent to the elastic curve remains 
vertical at the surface. This general statement involves no assumptions, but 
it contains only one boundary condition which is the requirement that the tan- 
gent to the elastic curve shall remain vertical at the surface. This is the 
only known boundary condition of the problem and in order to develop any 
kind of analysis it is necessary to begin by making assumptions. 

It is sometimes assumed’ that a pile embedded in the ground and sub- 
jected to a horizontal force at the top, will pivot about a point somewhere 
down in the ground. The movement of the pile is approximately a rotation | 
as a rigid body; but it would appear that this could not happen in the case 
of the-monoliths described by Mr. Feagin because of the fixed-end condition 
at the top. The assumption can be made that the elastic curve is a wavy line 
of gradually diminishing amplitude similar to a damped vibration curve. 
This involves further assumptions as to the rate at which the amplitude is 
damped out and the number of wave lengths that shall be included in the 
pile length. An analysis of this kind is almost certain to become involved 
in serious mathematical difficulties. The analysis given in this discussion 
assumes fixation against rotation at some point along the length of the pile. 
Whether or not this condition can occur will depend on the flexural rigidity 
of the pile and the elastic properties of the surrounding soil. This can be 
seen from Equation (31) and, for the wood piles in the Alton tests, this 
equation indicated a length of the deflected part of about 10 ft, which was 


about one-third the pile length. It would seem reasonable to conclude that — 


the sand surrounding the lower 20 ft of the pile could provide sufficient — 


rigidity to produce the deflection curve of Fig. 21(c). 

However, with a very rigid pile embedded in a soft loose soil—for which 
E I and w were large, and U was small—Equation (31) might give a value 
of L that was as great as, or greater than, the pile length. When the com- 
puted value of LZ is greater than the pile length, it is probable that the pile 
would act as a long cantilever beam fixed at the top and loaded with the 
earth load developed during deflection. When the calculated length of 
the deflected part of the pile is of the order of two-thirds or three-fourths 


of the pile length, it is improbable that the lower end of the pile could remain 


fixed against rotation. The bottom of the pile would probably move in a 
direction opposite to that of the deflection at the surface. In either case 


it would be necessary to revise the fixed-end assumption and to repeat the : 


analysis with some other assumed deflection curve. 
It should be noted that Equation (31) provides a means of determining 


whether or not the fixed-end assumption is justified. It should also be noted 
& 


® Civil Engineering, December, 1934, p. 622. 
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that this equation does not contain the deflection, but it should not be con- 
eluded from this that the bent length is independent of the deflection. Equa- 
tion (31) is a combination of Equations (5) and (12). Equation (5) is based 
on the usual theory of elastic structures in which the displacements are 
required to be very small in comparison with the dimensions of the structure. 
‘Equation (12) is based on similar assumptions. Equation (81), therefore, 
applies only to small deflections even if the deflection itself does not appear 
in the equation. 

In order to determine the relative behavior of rods of different flexural 
rigidities embedded in a granular material, a simple experiment was per- 
formed on a small scale. The results are shown in Figs. 22 and 28. Three 


Fig. 22. Fig. 23. 


steel rods were placed in a vertical position inside the glass front of the 
box and dry sawdust was then poured in and tamped lightly. The sizes of 
the rods, from left to right, were ,% in. round, 4 in. square, and } in. 
square. The upper ends of the rods were fixed against rotation by being 
clamped between two notched steel bars, and vertical lines were marked on the 
glass for comparison as shown in Fig. 22. 

The steel bars holding the upper ends of the rods were then moved slowly 
about 1 in. to the right with the results shown in Fig. 23. This was an 
excessive deflection but it was used in order to produce sufficient movement 
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to photograph. Each rod deflected in a reverse curve and the horizontal lines 
on the glass mark the bottoms of these curves. The smallest rod had a very 
short deflection curve, and there was no apparent lateral movement of the 
lower part of the rod. The middle rod had a longer deflection curve and just 
below the curve there was a slight movement of the rod toward the left. 
This movement was very small in comparison with the deflection at the top 
and it did not become apparent until the top deflection was nearly an inch. 
The deflection curve of the largest rod amounted to almost three-fourths 
of the embedded length of the rod. The lower part of the rod was inca- 
pable of maintaining its vertical position and the bottom of the rod moved 
about 4 in. to the left. As nearly as could be determined the lower part of the 
rod remained practically straight. This experiment is not intended to be a 
scale model. test and numerical calculations were not attempted in connection 
with it. The writer is well aware of the difficulties involved in satisfying the 
laws of similarity in a problem of this kind. 


The method of analysis proposed herein is not offered as a general or 


of the problem of the lateral deflection of a foundation pile..In addition 
- to the assumption as to the shape of the deflection curve, it has been assumed 
- that the pile was embedded in a homogeneous soil. In stratified ground the 
‘problem becomes increasingly complicated. The equations appear to give an 
approximate check on the experimental data of the Alton tests, but it is to be 
hoped that additional tests can be made which will assist in the develoomieas 
of an adequate theory. 


‘In ‘conclusion, the writer wishes to “ene Mr. Feagin for his assistance f 


“and co-operation in the preparation: of this discussion. The writer also 


acknowledges the helpful criticisms and suggestions of V. P. Jensen, Assoc. 


_ <M. Am. Soe..C. E.; of Mr. 8S. M. Gleaser, U. S. Division Engineer Office, 
» St. Louis, Mo.; and of Mr. W. P. Kinneman, Raymond Concrete :Pile 
~ Company, New York, N. Y. : 
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RELATION BETWEEN RAINFALL AND RUN-OFF 
FROM SMALL URBAN AREAS 


Discussion 


By W. W. HORNER, M. Am. Soc. C. E.; AND 
PY DS RLYNT, Assoc.;Ms AMLSOC:. C; BE: 


W. W. Horner,” M. Am. Soc. C. E., ann F. L. Frynz, Agsoo. M. Am. Soc. 
C. E. (by letter).“*—The discussions by Messrs Snyder and Sherman develop 
the possibilities of an alternate study of the rainfall-run-off relation in terms 
of losses. In Part I of the paper, the writers made a fairly exhaustive effort 
to determine the relationship as a ratio. They found the ratios, or percentage 
values, to vary over a wide range and, for a large part of the data, were unable 
to allocate, satisfactorily, the variation to other hydrologic factors. As was 
shown in Fig. 18, all these ratios, whether taken between various summation 
values, or between values for particular periods (as for 5 or 10 min), or 
between peak rates, resulted in percentile curves of about the same slope. 
Each of the discussers has emphasized the point that the percentage factor 
must necessarily be a varying one. ‘This is a condition which is well 
recognized by hydrologists, of course. Sewer designers have adhered to the 
use of a run-off-rainfall factor and the formula of the rational. method, how- 
ever, because of its simplicity of application, and for the reason that the 
dearth of real basic information on run-off from urban areas appeared to make 
further refinement in method unjustifiable. ’ 

The writers are impressed by the sample demonstration offered by Mr. 
Snyder, as well as by the reasonableness of Mr. Sherman’s presentation. It 
is entirely possible that an alternate analysis of all the information used 
by the writers, involving the infiltration losses as determined by Mr. Snyder, 
and the further evaluation of storage as discussed by Mr. Sherman, might 
result in a set of relatively consistent values having a definite relationship 
to such basic characteristics as slope, shape of area, and character of surface 


Norn.—The paper by W. W. Horner, M. Am. Soc. C. H., and F, L. Flynt, Assoc. M. 
Am. Soc. C. H., was published in October, 1934, Proceedings. Discussion on this paper 
has appeared in Proceedings, as follows: May, 1935, by Messrs. Franklin F, Snyder, 
Merrill M. Bernard, and LeRoy K. Sherman. 

% Cons. Engr., St. Louis, Mo. 

18 Civ, Engr., formerly with Sewer Design Dept., City of St. Louis, St. Louis, Mo. 


18a Received by the Secretary September 23, 1935. 
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coverage. Some of the relationships would probably be of the same general 
order as those suggested by Mr. Bernard in another paper.” 

The writers agree with Mr. Snyder that a constant infiltration rate could 
not be used satisfactorily for rains of less than 1 hr in duration. A desirable 
approach to such a study, accordingly, would be along the lines of determin- 
ing infiltration capacities for each of the particular areas (which capacities 
might be expected to vary on a seasonal basis), and also the probable rate 
of reduction of infiltration within the first hour or two of the storm. It 
would be necessary, however, to determine the proportionate part of the 
precipitation going into (temporary) surface storage during the rise of 
the hydrograph. This also is determinable, possibly, from the same data. 

The recent studies by Robert E. Horton, M. Am. Soc. C. E., referred to 
by Mr. Sherman,” using in part the data presented in this paper (privately 
published and, unfortunately, not available to this discussion) seem also to 
indicate that satisfactory basic data of this type could be derived from the 
information originally analyzed by the writers. If such an analysis was 
found to produce reasonable values of infiltration and storage, some develop- 
ment of Mr. Sherman’s Equation (8) might be substituted for the rational 
formula of sewer design. 

Illustrative of how an analysis of basic rainfall and run-off data, such as 
are supplied by the St. Louis records, might throw some light upon the varia- 
tion of infiltration rate and temporary storage or detention, the data for 
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three storms at Area A are presented in Figs. 31, 32, and 33, together with a 
detailed analysis of the various curves derived from the basic data by various 
methods. Fig. 31 gives the data for the storm of July 28, 1931, which was 
chosen for its short duration and unusually uniform rate of precipitation. 
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_ Fig. 31 (b) follows the method suggested by Mr. Horton and referred to by 
Messrs Snyder and Sherman. The basic data as to rainfall and run-off are 
represented by the ¥i-curve and the 3 Q-curve, respectively. For simplicity, 
infiltration is assumed to be at a constant rate and the mass infiltration curve 
is a straight line through the origin at the beginning of rainfall and with a 
- final ordinate at the end of run-off equal to the difference between total 
rainfall and total run-off. (The value of “infiltration” thus determined, is 
in error in that it includes permanent retention and other losses.) The mass 
net rainfall curve is obtained by subtracting the ordinates to the mass infiltra- 
tion curve from corresponding ordinates of the mass rainfall, or 3 i-curve. 
The intercept on a given time ordinate between the net rainfall curve and the 
mass run-off curve represents the depth of surface detention, including both 
sheet and channel storage, which, as pointed out by Mr. Sherman, bears a 
direct relation to the rate of run-off. 
On further consideration, the writers find that this rather unsatisfactory 
approach may be avoided entirely, and the desired item of mass loss and of — 
_ detention may be determined directly from mass curves based on the unit 
graph, as originally presented im Fig. 15 of the paper. 

. Fig. 31 (c) illustrates the method of obtaining the depth of surface deten- 
tion by the application of the unit graph formulas to the same basic data. 
In this case, the mass 100% run-off, or § Q--curve, is obtained by applying 
the unit graph formulas to the rainfall data. The surface detention is then 
determined by the intercept on the time ordinates between the 3 7i-curve and 
the = Q--curve. Stas 

The surface detention curves as determined by the two methods show a 
remarkable similarity in essential features despite the radical difference in 
the methods, which indicates that the unit graph formulas as developed by the 
writers may be close approximations to the true values. Such being the case, 
the procedure may be extended to determine the probable variation, in the 
value of the rate of water loss (of which infiltration forms the greater part) 
during the progress of a storm. The accumulated water loss represented by 
the mass loss curve, Fig. 31 (c), is determined by the intercepts on the time 
ordinates between the & Q--curve and the & Q:-curve. 

At first glance, the comparatively low rate of water loss during the early 
minutes of the storm may seem surprising, but further study shows that this 
is quite reasonable when it is considered that the area in question is com- 
posed of both pervious and impervious surfaces and that the first water to 
reach the inlet (and, in fact, the only water to reach it for some time) is 
that which has fallen upon the adjacent paved streets, which are highly 
impervious surfaces. Naturally, then, the loss is low. As the pervious areas 
(in this case mostly sodded), begin to contribute water to the inlet, the per- 
centage of loss becomes higher and the curve becomes steeper, and, for a 
considerable period (almost 10 min), the rate of loss is constant. This loss 
may well represent the average rate for the entire area, pervious and imper- 
vious. Soon after the cessation of rainfall, the rate begins to decline, 
which indicates that the run-off now consists mainly of gutter flow, in which 
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; * 4 
case, again, the loss would naturally be low due to the impervious surface 


on. which the water is flowing. It seems reasonable to infer that a straight — 


apply to areas where the entire surface was of the same degree of permeability. 
Fig. 82 gives the basic data and derived curves for the storm of September 


line representing constant infiltration (such as in Fig. 31 (b)) would only 


15, 1914, which may be described as an “average rain” (Fig. 38, introduced © 


subsequently, shows the rainfall pattern). 
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The loss curve in this case shows the same general characteristics as the 
one shown in Fig. 31 (¢c), the minor differences being explained by the dif- 
ferent rainfall pattern. There is again the low initial loss and the high rate 
of loss during the period of high precipitation, when the pervious areas are 
contributing their full quota of water. After the period of heavy rainfall 
the gutter flow, which includes much of the water falling during the heavy 
rainfall period, tends to reduce the average rate of loss, and, as the rate 


of rainfall becomes less and less toward the end of the storm, the rate of loss — 


declines due to the predominance of gutter flow. 


Fig. 33 shows the same analysis applied to the data for the storm of June 
19, 1928, in which there were two periods of heavy rainfall about an hour 
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apart, with continuous but very light precipitation between them. Here, 
“again, is found the same variation in the rate of loss, which is susceptible 
to the same explanation given in the foregoing analysis. To the beginning 
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of the second period of heavy rainfall, the variation follows the same general 
pattern as in Fig. 32. The sharp rise thereafter is due to the fact that the 
pervious areas are again contributing a large share of, the water appearing 
as run-off, whereas during the lull between the storms the impervious areas 
were contributing most of the water due to the fact that the infiltration rate 
on the pervious area was nearly or quite as great as the rate of precipitation. 
In the three storms (Figs. 31, 32, and 33), the close relation between the 
depth of surface detention and the rate of run-off is obvious. | Fig. 34 shows 
an attempt to arrive at the mathematical correlation between these two 
factors by plotting the values for depth of surface detention for several 
peaks, in the aforementioned storms and two others, against corresponding 
run-off peaks in the same storms. The results are from a small number of 
storms, and both pervious and impervious areas are represented in vary- 
ing proportions at different peaks. However, the general trend of the 
plotted points tends to agree with the equation given by Mr. Sherman: 


Q=CA/ Sd xd, or Q varies as di. 
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It is unfortunate in its bearing on Mr. Bernard’s demonstration, that it 
has not been possible to produce any considerable number of the sewer gaug- 
ings for the larger drainage areas in the Clarendon District, as this would 
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have made possible a clearer appreciation of the manner in which run-off rates 
from individual city blocks are translated into rates applicable to the larger 
sewers. As an indication of the possibilites, the results for one particular 
rain are given herewith. 
Fig. 35 is a plat of the Clarendon District, showing the location and sizes 
“of the main sewers (the grades of which vary from one-third to two-thirds of 
1%), the location of the principal pressure gauges in the main sewers by 
number, and the drainage area tributary to each. The location of the three 
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tipping-bucket rain-gauges (marked a, 6, and c) is also shown on this plat, 
as well as the location of the two city blocks from which the data for the 
original paper were collected. 

Fig. 36 shows the rain record of July 10, 1920, at three rain-gauges, 
showing the wide variation in pattern possible even within a 600-acre district. 
This particular rain also showed a definite tendency to progress up the drain- 
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age area. Fig. 37 shows the interpolated rain diagram applicable to the 
centers of the drainage areas above each group of sewer gauges, and, on thie 
same diagram, have been plotted the hydrographs of sewer flow for each gauge 
in the group. For comparison, the average rainfall rate for the approximate 
critical time of 20 min is shown in Fig. 37 (a) and Fig. 37 (b) and the average 
rate for 25 min is shown in Fig. 37 (c). Comparing these rain values with 
Fig. 23, it would appear that this rain would have a frequency of about 14 yr. 
The higher run-off rates, in cubic feet per second per acre, in Fig. 37 (c) 
may be explained in part by the longer and more compact rain diagram, and, 
in part, by the considerable width of the drainage basin in its lower sections. 
The lower rates, averaging 0.75 cu ft per sec per acre for the upper groups 
of gauges on Fig. 37(a) and Fig. 37 (b), give a good example of the effect of 
surface detention on run-off rates in short rains. j 
Comparing the rates at the three groups of gauges with the expected 
run-off rate from single city blocks, as given in Fig. 23 of the paper, it is” 
seen that the run-off of 0.75 cu ft per see per acre is less than one-half 
the expected rate for a 20-min storm of 14-yr frequency for Area A and 
about 70% of the corresponding value for Area B. A rough comparison would 
seem to indicate that, for a composite area in which the Area A type of city 
block is predominant, the run-off rate in the sewer is 50% of the expected 
run-off of the single city block. For the lower gauges, shown on Fig. 87 (c), 
it would appear that the sewer-flow rate might be as much as 75% of that from 
an average city block. It is expected that a full analysis of this work will 
provide some excellent factors for use in calculations of the type developed 
by Mr. Bernard. 
Throughout this entire study, it is apparent that the simplest method 
of expressing the relation between rainfall and run-off is by the volumetric 
ratio between the accumulated run-off and the accumulated. rainfall. When 
this ratio is derived by comparing the accumulated run-off for a given time 
with the accumulated rainfall for a time earlier by the amount of the mean 
lag, for the location in question, it may be applied quite simply to approximate 
solutions of storm-flow problems. Figs. 38 and 39 show the results of this 
method as applied to the rain of September 15, 1914, at Area A. t 
The relation between the two factors seems to be remarkably constant in 
many of the storms that have been investigated, and there is reason to believe : 
that, had the synchronism between the rainfall and run-off records been more — 
reliable, this constant relation would. have been more general. Fig. 38 shows 4 
how, by multiplying the rate of rainfall for each minute by the average ratio 
(0.54), as derived from Fig. 39, and plotting the result 4 min later, a graph — 
is constructed which, in its peak values, and general configuration, closely | 
approximates the measured run-off curve. This suggests a simple method for — 
predicting the (approximate) probable run-off from a given rainfall when : 
the mean run-off factor and the lag are known for the location in question. : 
Unfortunately, the run-off factor varies over wide limits from one storm to — 
another, as shown in Fig. 18 of the paper. 7 
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Little can be added to what Mr. Bernard has said about extending the unit 
graph method to large urban areas, except to commend the very constructive 
work he has done toward enlarging the scope of the data submitted in the 
paper and making it more useful to the sewer designer. 
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Acknowledgments.—The St. Louis Research Program, of which the data 
presented in the paper are a part, was developed by one of the writers, Mr. 
Horner, under the inspiration of the late James A. Hooke, formerly Sewer 
Commissioner of St. Louis, through whose energetic support funds were made 
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available. The experimental work was continually under the supervision of 


Mr. Horner up to 1933; during a large part of this period the sympathetic 
interest of E. R. Kinsey, M. Am. Soc. C. E., at that time President of the 


‘Board of Public Service, was effective in providing continued financial support 


for the project. The publication of Departmental records is with the approval 


of Baxter L. Brown, M. Am. Soc. C. E., President of the Board of Public 


Service. The supervision of the instruments and records has been, at various 
times, in direct charge-of Mr. Leland Chivvis, or Mr. Guy Brown, each of 
whom had some part in the analysis of the information. The present com- 


‘plete analysis of accumulated information for three city blocks has been 
the specific work of one of the writers, Mr. Flynt. 
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DISCUSSIONS 


THE SILT PROBLEM 


Discussion 
By J. C. STEVENS, M. AM. Soc. C. E. 


J. C. Srevens,” M. Am. Soo. CO. E. (by letter).““—A great mass of addi- 
tional data, particularly on the silting of reservoirs, has appeared in the dis- 
cussion of the writer’s paper. In one paper will now be gathered practically 
all the basic data regarding the silting of the important reservoirs of the world, 
as well as summarized data as to the quantity of sediment carried by most of 
its rivers. i 

Mr. Nickle mildly chides the writer for not including the excellent data 
gathered in recent years by the Texas Board of Water Engineers, when as a 
matter of fact every attempt was made to secure them. Special thanks are 
due to him for Table 9 containing a summaty of the sediment transported 
at seventeen stations on ten Texas streams, mostly over a 6-yr period, and 
arranged to conform to the writer’s Table 6. 

It is interesting to note that of all the stations given in Tables 6 and 9, 
the maximum concentration of suspended sediment is found in Bad River, at 
Pierre, S. Dak., where for two consecutive years the sediment averaged more 
than 38 per thousand. None of the Texas streams listed reached this total 
even for one year, although the 6-yr average for Double Mountain Fork of 
Brazos River exceeded 24 per thousand, which shows the next highest > 
concentration of silt. i 

Mr. Nickle also advances additional evidence of the effect of drying silt 
in reducing its volume. Medina Reservoir silt shrunk to one-half its original 
volume and doubled its specific weight in five years of intermittent exposure. 
The specific weight of 70 lb per cu ft of silt in place for Texas reservoirs, 
when subject to alternate wetting and drying, is not far different from the 
writer’s average value of 65 lb per cu ft, nor that of 62.5 Ib per cu ft adopted 
by Messrs. Fortier and Blaney.™ 7 

Professor Lane has given a very interesting historical summary of silt 
investigations, and a clear statement of the several factors affecting sediment 
Doe cr rohediew ro Diasec sok Sinie ences Siosen tat gS ha a isle 
February, 1935, by Harry G. Nickle, Jun. Am. Soc. C. E.; March, 1935, by Messrs. B. W. ; 
Blaney WoW. Waggoner Gad Philip oo Pe eee pes, Caenen Naren 
Stabler, M. Am. Soc. C. B.: and October, 1935, by N.C. Grover, M. Am. Soc. ro mom 

Cons. Hydr. Engr, (Stevens & Koon), Portland, Ore. : 


40a Received by the Secretary October 14, 1985. 


%¢“Silt in the Colorado River and Its Relation to Irrigation” by the late § 
Fortier, M. Am. Soc. C. H., and Harry F., Blaney. Assoc. M. ‘Soe. ¢ o Tecbuten 
Bulletin 67, U.S. Dept of Agriculture, 1928, p68.” A™ Soe. C. B., Technica 
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transportation, first to the stream and second bythe stream. He also calls 

5 attention to the fallacy of the Dupuit theory, namely, that silt is carried in 
“suspension as the result of differences in velocity of adjacent filaments. 
‘Turbulence is the real cause, and theory and evidence are now in accord that 
sediment is held in suspension by the ahre velocity components of turbu- 
lent flow; that is, by eddy currents: 

Mr. Bonner’s statement that the capital outlays for reservoirs will be 
amortized long before they may be rendered useless by silting, and that the 
solution of the problem may be safely left to posterity; is scarcely a fitting 
answer to the questions raised. Because of such a major reservoir a civiliza- 
tion comes into being, a virile, complex, pulsating’ social system. The capital 
investment in such a civilization may be wiped out and the system Sue 
but it can never be amortized in a financial sense. 

A policy of laissez-faire is entirely unsuited to the exigencies. of the situa- 
tion. The problem should be squarely faced now and research undertaken 
with a view to its ultimate solution. Mr. Bisschop cites conditions in South 
‘Africa that are now threatening the “very ‘existence. of productive centers 
of population.” He states that further extensive developments are being 
limited to those streams least subject to silting. Lake Mentz on Sundays 
River (1935) has lost’ 42% of its capacity in 12 yr. Raising the dam has 
already begun in order to preserve the civilization that is dependent upon it. 
Amortization of the capital investment is surely not the answer to this 
problem. ' Human institutions must continue. 

‘In Table 10, Professor O’Brien has added a koi of data on silting of 
reservoirs from the paper by Dr. Fritz Orth, of which the writer was wholly 
unaware. This table, however, does not give the silt deposited in terms of the 
inflow, doubtless because the data were not available. Seven reservoirs are 
cited that have been completely filled with silt, and fifteen that have. lost 
50% or more of their original capacity. All of them, however, had original 
capacities of less than 1% of the annual water supply which means that they 
were little more than diversion dams. The writer doubts whether any such 
reservoir could actually lose 100% of its capacity. Table 1 does not show 
any reservoir as having been entirely filled: As the reservoir fills, more and 
more of the silt is carried through so that there must be left at least a river 
channel in the new surface of the reservoir, for’ which condition all silt 
passes through. : 

Mr. Blaney ‘calls attention to the fact that a silty stream or canal is quite 
free: from moss and aquatic plants, and that. clarifying such a stream will 
result in a new souree of annoyance, that of moss growth. He states that 
even if it were possible to clarify the Imperial Valley canals some silt should 
be left in the water to minimize operation troubles from moss growth. 

| Mr. Waggoner calls attention to the great fall flood of 1861 that affected 
the entire Pacific Coast from the Willamette Valley, in Oregon, to Los Angeles, 
Calif. On December 8, 1861, occurred the largest flood known on the Willamette 
River! That period was marked by a series of wet years from which the 
present eycle of equally pronounced: dryness has emerged. Obviously, silt 
depositions and sediment transportation respond with marked fluctuations to 


these climatic and flood variations. 
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Mr. Stabler asks whether Man’s efforts should be directed toward preven- 
tion or cure. It seems quite evident that to show any measure of success the 
labors of Man must be confined to preventative measures. Of course, he can 
desilt streams and canals at considerable expense and domestic supplies are 
“necessarily desilted, but these are of secondary importance in the great silt 
problem. To preserve intact the large agricultural areas he must prevent 
soil loss. He must learn to prepare the land and cultivate it in such a way 
as to maintain the soil in sites. In the European and Asiatic countries it has 
been the practice, for centuries, to terrace sloping lands. America has not 
as yet adopted this practice. 

In non-agricultural areas, such as the Western grazing lands, it is: 
doubtful whether extensive structures for soil maintenance are practicable or 
even desirable except on certain areas that contribute large quantities of silt 
to reservoired streams. 

It is not sufficient merely to construct soil-holding structures, Provision 
must be made for their continued maintenance; otherwise, the structures 
deteriorate, and the entire volume of silt accumulated behind them may be 
loosed by a single storm with much more serious consequences than if it had 
been allowed to pass in smaller yearly quantities. 

Once silt has found its way into a reservoir—except those for domestic 
supplies—no practicable method has yet been devised of removing it. All 
Man can hope to do is to reduce the quantity of silt flowing into the reservoir 
by such means of holding the soil on the area as he may devise. Any struc- 
tures such as silt dams, bank protection, etc., built for this purpose, should 
be of permanent type and ample provision should be made for intelligent 
annual maintenance. 


Considerable can be done in stimulating a protective vegetable growth 


in favorable areas. In unfavorable areas in which the West abounds such. 
efforts are certain to prove futile. Grazing control will have a favorable 
effect if properly administered although, by and large, the results are likely 


to prove disappointing. The writer agrees with Mr. Stabler that if the Western 


grazing lands are managed primarily in the interests of permanency of forage 


crops for stock production, little more can be hoped for in the way of soil 


conservation from grazing control. 


ip. 
The data on the Colorado River drainage are most instructive. It would 


seem that the plateau region deserves extensive study. About 65000 acres 


contribute 75% of the silt and only 10% of the water supply; yet all that | 


silt is moved by the 10 per cent. If it were practicable to impound that 10% ~ 
on the area and use it for irrigation instead of allowing it to carry silt into 
the Colorado, such an irrigated section would pay handsome dividends even 
if it never marketed a crop. There would be some justification for subsidizing 
such a project. 


Mr. Grover illuminates, with some new data, the effect of desilting the — 
Colorado River at Boulder Reservoir. In 10 miles of canyon the clear waters © 
issuing from the control gates picked up, and carried in suspension, approxi- 


mately 4000000 tons in 5 months. In 115 miles farther this quantity was 


trebled, and yet during the same period 100000000 tons were left in the 
reservoir. 
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DISCUSSIONS 


Pino iCPROPER TIES OF RIVETED 
CONNECTIONS 


Discussion 


By R. L. Moore, Esq. 


R. L. Moors,” Esq., (by letter).™*—In view of the emphasis that has been 
placed on methods of analyzing continuous frames, it seems that the question 
of joint rigidity in riveted structures has received too little attention. The 
author of this paper has made a valuable contribution to the knowledge in this 
field. , 

From the standpoint of design, the evaluation of the rigidity of the joints 
in terms of total fixity has certain advantages over the procedure outlined 
by the author, particularly where the method of moment distribution is used. 
It may be shown that the distribution factors for any joint are proportional 


to the product of the - -values and the degrees of fixity for the members at 


that joint. It also follows that the carry-over factors at one end of a mem- 
ber are equivalent to one-half the degree of fixity at the other end. After 
computing fixed-end moments and making adjustments for the estimated 
degrees of fixity at the joints, the procedure becomes one of simple moment 
distribution. The author’s illustrative problem, shown in Fig. 33, may be 
solved readily in this manner. On the basis of the results presented in this 
discussion, however, the writer would alter somewhat the values for. the fixed- 
end moment used. The author has assumed Mx. and Myc in Fig. 38, to be 
the equivalent of about 50% and 10% fixed, respectively. Although the latter 
percentage is in accord with the writer’s tests, the fixity for the clip-angle 
connection on the 18-in. I-beam, on the same basis, would not be taken at 
more than about 20 per cent. 


Notp.—The paper by J. Charles Rathbun, M. Am. Soc. C. E., was published in “Jan 
uary, 1935, Proceedings. Discussion on this paper has appeared in Proceedings, as fol- 
lows: February, 1935, by Ralph HE. Goodwin, Assoc. M. Am. Soc. C.-H.; May, 1935, by 
Messrs. Harold C. Rowan, Walter Scholtz, J. F. Baker, L. BH. Grinter, and C. R. Young 
and K. B. Jackson; and August, 1935, by BH. Mirabelli, M. Am. Soc. C. E. 

2 Research Engr., Aluminum Research Laboratories, Aluminum Co. of America, 
New Kensington, Pa. 

21a Received by the Secretary September 21, 1935. 
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In the tests upon which these conclusions are based, two-span continuous 
beams, having a joint or splice at the center support, were used. By com- 
paring the behavior of such specimens with that of an unspliced beam, hay- 
ing 100% continuity, a direct measure of the efficiency of the joints in trans- 
mitting bending moments was obtained. ; 
Figs. 39 and 40 show the eight specimens on which tests were made. 
Specimens.1 and 2 were representative of cases of 100% and 0% continuity, 


4 . 4 
‘ Fig. 39.—SPrciMEens.1, 2, 38, AND 4, 


" 


eh respectively, whereas Specimens 8 to 8 included several common types of 
K beam connections. All specimens were 10 ft 6 in. in over-all length and were — 


Fic. 40.—SpPrctmMens 5, 6, 7, AND 8. 


made of 8-in. aluminum alloy I-beams and aluminum alloy angles and o| 
The section elements of the I-beams were as follows: e | 
Bf: 
Orin 
8 . 
6 


Web thickness, in inches............ 0.2 
Weight, in pounds per-foot....... 2. 5.9 
Area, ‘in square inGbes. .0 un: Valen eens 4.8 
Moment of inertia, J, in inches‘... 5.0 
Section modulus, S, in inches*.... 2.6 
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TABLE 6.—Tensite Properties or 8-Ince Atuminum Atioy* I-Bram 


ee" Yield strength | Tensile stren, 

i i if sile s eth, Percentage 

= ; Specimen {set = 0.2%), in pounds per elongation, 

in pounds per square inch in 2 in. 
square inch 

= Web (longitudinal)...........0... ay Sa toe er 43 200 62 900 19.0 
eWeb (transverse). ..... 0-2 steer ee eden eee ees 44 100 65 800 17.0 

Flange (longitudinal)..... PPT Cael See nT 45 400 65 000 20.0 


* Duralumin. 


The tensile properties are listed in Table 6. The joints were fabricated by 
means of hot-driven steel rivets § in. in diameter. The make-up of each may be 
described briefly, as follows: 


\ 


_ Specimen - Type of Joint 


3 Four clip angles, 3 by 3 in. by 3 in. by 6 in. long. 
A 1 Four clip angles, 3 by 3 in. by 3 in. by 6 in. long. 
Two splice-plates, y in. by 4 in. by 8 in. 
: 1 Four clip angles, 8 by 8 in. by 3 in. by 6 in. long. 
pom Two splice-plates, 7% in. by 4 in. by 1 ft long. 
Four clip angles, 3 by 3 in. by 3 in. by 6 in. long. 


Or 


6 One connection of the joint riveted; the other pin-connected 
(diameter of pin, 13 in.). 
% Four clip angles, 6 by 3 in. by 3 in. by 10 in. long. 


Four clip angles, 3 by 3 in. by % in. by 4 in. long. 
Four seat angles, 3 by 8 in. by 3 in. by 6 in. long. 


Fig. 41 shows the nature of the two-span beam tests. The reactions on 
the auxiliary loading beam of the testing machine used (capacity, 300 000 lb) 


Fig. 41.—Two-Span Bram TEST OF Sprctmnun 4. 


were 5 tt, center to center, whereas the loads on the specimen were applied 
at the center of each span. Deflections were measured by a dial-gauge gradu- 
ated to 0.001 in., with respect to a reference beam under the specimen, as 
shown in Fig. 41. Stresses were determined by a 2-in. strain-gauge, readings 


) 


1882 


being taken on the top and bottom flanges at a sufficient number of sections 


. ° i 
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to determine the distribution of bending moments. 


As a preliminary step in the investigation, deflections and permanent sets. 
were determined for each specimen for loads up to 30000 Ib. The beams were 
then turned over and the procedure was repeated. The behavior was similar 
in both cases, and permanent sets were on the order of only 0.002 to 0.004 in. 

Fig. 42 shows a set of bending moment curves constructed from the 
measured stresses for a 50000-Ib load. The ratios of the moments developed 
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Fic. 42.—BrNDING MOMENT CuRVES FOR A 50 000-PouND Loap. 


TABLE 7.—Tersts or 8-Incu, ALUMINUM Atuoy I-Brams 


Two-Span Txsts 


(b) COMPARISON OF 


* (a) ContInurTy'! 
Factors B. 
Measurep BEnp- 
ING MoMBENTS AT 
a A RA 
FORA -POUND 
¢ |Loap Pounp Loap 
3 
2 Con- 
Bending | tinuity 
moment, | factors | Measured 
in inch- er- 
pounds cent- 
age) 
(1) (2) (3) (4) 
1 | 258 000 100 0.140 
2 0 0 0.240 
3 50 000 19 0.231 
4 | 185 000 72 0.170 
5 | 245 000 95 0.154 
6 | 30 000 12 0.238 
7 | 145 000 56 0.181 
8 | 160 000 62 0.180 _ 


(c) 


ULTIMATE 
ASED ON/\fmaASURED AND Com-|LoADS AND Cor- 
PUTED CENTER-SPAN|RESPONDING Max- 
DEFLECTIONS, IN IN-|IMUM 


BENDING 


cHEs, ror A 50 000-|Stresses at CxEn- 
TER OF SPANS 


Maxi- 


mum 
stresses, * 


(d) StrencTH oF JoINTs AS DETER- 
MINED BY SIMPLE BEAM TESTS ON 


Beam 
propor- 
tional 
limit, 


* Estimated on the basis of average measured stresses for a 50 000-Ib load. 


+ Stresses computed at point where ultimate failure occurred. 


t Load at which test was stopped; beam continued to yield without fracture. 


YO 
K 
\ 
XC 


N 
RYZ 


Smmmh' 
FECEENS 
SaaS. VRS 
ssalieksclakinlialvi Sw 


. 
A 48-IncH Span 


Maximum Com- 
puted Stresses,f in 


; Pounds per Square 
Ulti- Inch 
mate ' 
load, in t 
pounds | beam At 
« | propor- ure 
tional 
limit 
(9) (10) (11) 
56 800 | 37 900 | 53 800 
8 800t| 63 000 | 139 000 
37 500 | 42 000 72 000 
58 800 | 33 000 | 67 000 | 
EER SESE aE ee 4 
21 800 | 47 000 68 400 4 
34 400 | 36 700 84 000 
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‘at the joints over the center supports to those observed in Specimen 1 gave 
-a direct measure of the continuity factors or joint efficiency for each type 
of construction. From the results given in Table 7 (a) it will be noted that 
none of the joints was the equivalent of an unspliced beam. The highest 
degree of fixity — 95% — was found for Specimen 5, which had long splice- 
plates in addition to web clip angles. Continuity factors for the other 
spliced specimens ranged from 72 to 12%, the latter being found for Specimen 
6 which had one span pin-connected near the joint. The standard clip-angle 
connection in Specimen 3 developed about 19% fixity. 
Fig. 43 shows the influence of joint fixity upon the deflections of the 
different specimens. The relative positions of the curves will be recognized 


25.000 Ib 25000 Ib 


Deflection in Inches 


Fre. 43.—CoMPARISON OF DEFLECTIONS FoR A 50 000-PounD LoaD. 


-as about the same as those shown in Fig. 42 for the bending moments. The 
average measured center-span deflection of Specimen 1, being 100% continu- 
ous, was only 58% of that observed for the two simple spans of Specimen 2, 
whereas all the deflections of the other specimens were between these limits. 
Although the deflection measurements obtained were not sensitive enough to 
the degree of fixity at the center support to be used in determining continuity 
factors, as was done in the case of the bending moments, the agreement 
between the measured and the computed values given in Table 7 (b) was rea- 
sonably good. 


Fic. 44.—Bram Test or SpHcIMnN 4 on 48-INcH SPAN. 
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In comparing bending moments and deflections for a single 50 000-lb load, 
attention should be called to the fact that both were proportional to the loads 
applied up to approximately the point of failure. The latter occurred in every 
case by a lateral buckling of the compression flanges of the beams without any 
apparent injury to the joints. Table 7(c) gives the ultimate loads carried 
and the corresponding maximum computed flange stresses at the centers of 
the spans. 

Since none of the specimens was damaged in the two-span tests all but. 
Specimens 2 and 6, which did not have rigid joints, were subjected to a 
simple beam test on a 48-in. span as shown in Fig. 44. The purpose of 
this test was to determine more nearly the ultimate bending resistance of the 
joints. Table 7 (d) gives a summary of the maximum loads carried and 
the corresponding computed stresses at the points where failure occurred. The 
manner of failure in each case was, as follows: 


Specimen Type of Failure 


1 Lateral buckling of the flange accompanied by the buckling of the 
web at the center load point. 

Yielding of the web in bearing, around the clip-angle rivets. 

Shearing failure of the rivets in the lower splice-plate. 

Tension failure of the lower splice-plate. 

Tension failure of the web at the outside line of rivets. 

Shearing failure of the lower seat-angle rivets. 


CO ~T Or > CO 


It is significant that with one exception (Specimen 7) the moments resisted - 
in the simple span tests were from about 70 to 90% higher than those 
developed in the two-span tests. Furthermore, it appears that this bending — 
resistance may be safely estimated on the basis of the ultimate strength of 
the material at the point subjected to the maximum stress. 

Although it is appreciated that these tests have been limited to compara- 
tively few specimens, the results obtained do indicate some useful limits for 
design purposes. For standard clip-angle connections it appears that a degree ~ 
of fixity of from not more than 20 to 40% may be expected, depending upon — 
whether single or double lines of rivets are used in the web. The use of 
seat angles in addition to clip angles on the web may increase continuity _ 
factors up to 50% or 60%, whereas the use of splice-plates on the flanges may 
result in continuity factors of from 75 to 100 per cent. In using these per- 
centages, it is obviously essential that the joints be made sufficiently strong 
to carry the moments attributed to them. It should be pointed out that these : | 
percentages are in substantial agreement with the results indicated in Table 3 
of the paper. The 15% increase in carrying capacity of Specimen 4, for 
instance, corresponds to a joint fixity of about 20%, as given herein for stand- 
ard clip-angle connections. The increase in carrying capacity of Specimens it § 
and 12, having seat angles, corresponds to a joint fixity of about 60 per cent. ! 
Although none of the writer’s tests included specimens similar ‘to those, in 2 
Series C, the joint efficiencies obtained for the Bass of construction, ranged | 
from about 65 to 100 per cent. | ‘ oa ! 
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WEIGHTS OF METAL IN STEEL TRUSSES 


Discussion 
By J. A. L. WADDELL, M. AM: Soc.C.' E, 


evden A. LL. Wapveti,” M. Am. Soc. C. E. (by letter).”*—The two exceedingly 
_ close checks of the writer’s findings reported by Mr. Shryock are very gratify- 
ing; and his allusion to the European chrome-copper rustless steel, haying a 
corrosion resistance four times as great as that of the copper-bearing steel 
used in the United States, is both important and timely. cr 

In respect to Mr. Reichmann’s suggestion of preparing special curves for 
continuous trusses, the writer would reply that the way to utilize the curves 

‘of the paper for any continuous-span layout is to compute the truss weights 
as if the spans were non-continuous, then correct the results by means of 
data published elsewhere.” 

Replying to Professor Abbett, the curves in Figs. 1 and 2 are intended 
mainly for rapid preliminary estimates, and are sufficiently accurate in 
ordinary cases for contractors to use in tendering; but, when there. is close 
competition, it would be: advisable to make special computations of truss 
weights, mainly because the idiosyncrasies of the designer affect the totals. _ 

Mr. Diehl states that “a valuable addition to the paper would be a curve 
of relative cost of bridges with the conventional types of solid floor as con- 
trasted with open, non-skid flooring.” The writer has made a lengthy, compli- 
cated, and elaborate investigation of this subject which has not yet (1935) been 
published. It, contains the information mentioned by Mr. Diehl. 

Mr. Foight offers a method of comparing truss weights which may prove to 
be a bit misleading to some readers, causing them to think that the curyes 
are greatly in error. The “percentages” treated in the paper are those of truss 
weights compared with total vertical loads; hence, the variation in the Spring- 
field Bridge is 2.1% — not.15 per cent. ‘That variation is entirely due to an 
mee ne ee ee eee 


Notre.—The ‘paper by. J. A. L. Waddell, M. Am. Soe. C. H., was published in Febru- 
ary. 1935, Proceedings. Discussion on. this paper has appeared in Proceedings, as fol- 
lows: May, 1935, by. Messrs. Arthur M. Shaw, Joseph’ G. Shryock, Albert F.. Reichmann, 
Robert W. Abbett, George C. Diehl, F. G. Jonah, Clarence B. Foight, A. H., Fuller, 
William E. Wilbur, W._N._ Downey, J. R. Grant, Theron M. Ripley, and T. Kennard 
"Thomson; and October, 1935, by Messrs. H. H.-Allen and John Venable Hanna. 


2 Cons. Engr. (Waddell. & Hardesty), New York, N. Y. 
20a Received by the Secretary September 25, 1935. 
3 “Beonomics of Bridgework”, by J. A. L. Waddell, M. Am. Soc. Cc. H., Chapter XI. 
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uneconomic truss depth. As modern highway bridges are generally designed — 
with economic panel lengths and economic truss depths, no “large errors” can 
“result from variations in these factors.” 

Professor Fuller’s four cautions to “the young designer and the student who 
is studying bridge design” are directly to the point, and should be given 
thorough consideration by all tyros in such work. The writer has never had 
much luck in determining weights of metal in bridges by formulas, although 
for half a century he has been using quite freely various “formulas of reduc- 
tion” of his own in passing from known weights of metal for certain con- 
ditions to the corresponding weights for differing conditions. 

Replying to Mr. Wilbur, the writer deemed it more logical to make his 
percentage ratios apply to the grand total vertical load than to that load, less 
the truss weight; but Mr. Wilbur’s supplementary diagrams, based on his 
assumption of omitting the truss weight itself, are most acceptable. He is 
correct in stating that it would have been better in Fig. 1 (c) and Fig. 1 (d) 
to add to each a curve for.a total load of 5000 lb per lin ft — in truth, the 
writer has since discovered this fact and has plotted such curves to aid in his 
own subsequent work. This is a case in which “one’s hindsight is better 
than his foresight.” 


TABLE 4.—AppproximaTs AVERAGE PERCENTAGES OF Sizicon Stree, Mempers 
In Trusses OF ComBIneD Sruicon STEEL AND Carson STEEL. 


Roadway (az) PERCENTAGES IN SIMPLE TRUSS (b) PercentTaces In TypE A CANTILEVER 
width BRIDGES, FOR THE FOLLOWING BRIDGES FOR THE FOLLOWING Main SPAN 
oid Span LENGTHS, IN FEET: Lrenetss, IN FEET: 

Span) ies ih = ore eS pe EE eee ee ee ee ee ee ree eee 
in feet | 200 | 300 | 400 | 500 | 600 500 | 600 | 700 | 800 | 1.000] 1 200 
QO ees hea 20 70 75 80 82 55 65 70 75 80 85 


Ai: sae! 35 80 85 90 92 70 75 80 85 90 95 


In accordance with Mr. Wilbur’s suggestion that the writer include the 
percentages of silicon steel in structures of combined silicon steel and carbon 
steel, an attempt is made to furnish the desired information for the trusses 
in a satisfactory manner. This is especially difficult because of the diverse 
individual preferences of bridge designers. On that account, tables are pre- 
ferable to curves; hence, the information is presented in Table 4 as percentages 
of weight of silicon-steel members compared with that of the truss as a whole. 
The actual weight of silicon-steel material, however, is from 80 to 90% of the 
amounts given, since some of the details on silicon-steel members, such as 
lacing, tie-plates, and rivets, are of carbon steel. Some of the percentages in 
Table 4 may vary, either up or down in extreme cases by as much as 10% 
of their values, due to varying conditions and personal peculiarities of the 
computer, but generally that variation will be less than 5 per cent. 

Mr. Wilbur is correct in stating that the loads per foot given in the 
diagrams are the totals for two trusses, rather than for one truss. 

The writer’s method of determining the percentage ratios for combined 
railway-and-highway bridges would be as follows: Let P = the percentage 
ratio given by the railway-bridge diagram; p = the percentage ratio for the 


> AP 
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_ highway-bridge diagram; W = the equivalent uniform live load, plus impact, 
per linear foot, for the railway portion of the bridge; w = the equivalent uni- 
form live load, plus impact, for the highway portion of the bridge; and, 
p’ = the desired percentage ratio for the combined bridge. Then, 


Mr. Grant’s formula would be: 


Pf PP Deere) 


If the railway is double-tracked (Class 60); if the clear width of the high- 
way deck is 30 ft with Class A loading; if the structure is of carbon steel; and 
_ if the span length is taken as 400 ft," W = 15 912 lb per lin ft; w = 2475 lb 
per lin ft, and the curves given in the paper make P = 25.5 and p = 27. 
Hence, by Equation (8), 


\ 


i BUA 288 te DAB XL 08 7, 
15921 + 2475 
and by Equation (9), 


Ga 2D = (25.5 — 27) = 26% 


The difference between Mr. Grant’s percentage ratio and that of the writer 
is 0.38. 

A similar computation for a single-track railway, a 20-ft clear roadway, 
and the same span length, gives 27.7% by Equation (9) and 27 3% by Equa- 
tion (8), a difference of 0.4. Either difference is so small that it would 
scarcely show on the diagram. 

Mr. Ripley’s discussion reminds the writer of the days in the early Eighties 
when he used to consort with the “highwaymen” and compete for highway 
bridges. Fortunately for him, a call to Japan in 1882 took him out of that 
objectionable business; and upon his return to the United States four years 
later, he “declared war” upon all its disreputable practices and initiated what 
later proved to be a revolution in highway-bridge designing, letting, and 
construction. 

The writer cannot describe in greater detail, “the loadings and other 
factors that affect Figs. 1 to 5”, because the live loads and impacts were 
presented in another paper,” which is readily available. The percentage 
ratios are given in the present paper; and the manner of using them, both 
directly and with modifications, is fully explained. The Olass A loading used 
is based on an 18-ton truck, and the Class B loading on a 12-ton truck. 

The writer is much indebted to Mr. Allen-for his trouble in computing the 
“percentage ratios” of the numerous bridges he has designed and built, as a 
check on curves of the paper. The close agreement found is a source of deep 


SN See a a EP 
31 “Bridge Hngineering”, by J. A. lL. Waddell, M. Am. Soc. C. B., pp. 106, 129, 117, 
and 131. 

22“Weonomic Proportions and Weights of Modern Highway Cantilever Bridges’, by 
J. A. L. Waddell, M. Am. Soe. C. E., Transactions, Am. Soc. C. H., Vol. 98 (1933), p. 888. 


re 


ty» 


_ subtracted from the weight assumed, in order to Getermine 3 correct truss 
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satisfaction to the writer. Of course, as Mr. Allen points out, one cannot ; 
expect perfect coincidence between the findings of any two engineers, because — 
of the difference in their personal equations. His “percentage ratios” show a 
marked uniformity,-indicating on the part of his computers a close adherence — 
to specifications and the application of the principles of true economy in 
designing. 

A further analysis of Table 2 of the paper, omitting from consideration a 
the abnormal cases of the Springfield Bridge and the Portsmouth lift-span, 
indicates an average plus variation of 0.19%, an average minus variation of 
0.42%, and an algebraic average of all variations equal to minus 0.25 — only 
one-fourth of 1 per cent. As this analysis is based upon seventeen cases, and 
in view of the fact that all the fourteen engineers who discussed the paper 
endorse the curves in general, it may be concluded that the findings of the 
paper are reliable; nevertheless, it would well pay any engineer who designs — 
many bridges to plot, for the use of his office, new percentage-ratio curves 
based upon the specifications he utilizes and the general characteristics of his — 
computers. 

The writer’s experience recently has led him to construct a diagram that 
should prove useful, especially to beginners, in utilizing Figs. 1 and 2.. The — 


Multiplier for Difference 


ee eee es 


Coo COO rr 
0 5 10 15 20 25 30 35 40 45 50 
Percentage Ratios 


Fie. 15 -— CORRECTIONS FOR ASSUMED TRUSS Wetcuts. 


Ee tates ttn 


operation in so doing involves an assumption of a truss: watnkt. vohiiiens it, 
assuming another and checking that, etc., until there is an exact agreement 
between the assumption and the check. The final weight can be found cor- 
rectly from the first check weight by computing the difference between it and 
_ the assumption, and multiplying the result by the proper factor taken 
from the curve shown in Fig. 15. The product should be either added to or 


. weight. 
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As a check on the validity of this method, consider the case of a 400-ft, 
simple-truss bridge of 45-ft clear roadway, in silicon steel, for which Fig. 
- 1(b) gives 20 as the percentage ratio. The make-up of total vertical load (in 
e pounds per linear foot) is as follows: 


Givemtoad sPlUssIMPAChaccas + vost sm usls hss es 3 440 

OOVUNG vo. Sate oe PB eT RRMA aT Se cist nts 5 470 

FELT trans san yee aged ng etats ees etdene eG teats Sa. SACS 120 

Floor system wowtieiiody). sires. #: fh ema Ok ¢ 1 575 

pa ceraliys VSueraty p-, etekt totes epeaore acta ner hee oaseee > eps T40 

russes’. (assumed) ya... aye + oo a yee wlan EL SR 2 600 

Wate vertical: load. bite coe ee ee ee te O45 
2 The percentage ratio of 20 gives.......... BO Ts aS 2 789 
‘ creo Suey cote as ect verre sas aes teste trek ee se 2 600 
TST OIC Cee ee oe Breen a hacks ene yoke lotrel 189 


For a percentage ratio of 20, Fig. 15 gives a multiplier of 1.25, which yields 
the correction: 189 X 1.25 = 236; and the correct truss weight, 2600 + 236 
— 9836. With this truss weight, the new total vertical load will be 14181. 
Applying the percentage ratio of 20, W = 2836, which checks. 
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Had the assumption been 3000 lb per lin ft, the total vertical load would 
have been 14 345 lb per lin ft. Applying a percentage ratio of 20, W = 2 869; 
a value of 3000 was assumed, indicating a difference of 131. Multiplying 
131 by 1.25 yields a correction of 164 which, subtracted from 3 000, leaves 
2.836 — a check on the computation. This method is generally much quicker 
than the one involving a series of guesses and substitutions. 

In conclusion, the writer desires to express to the gentlemen who have 
done him the honor to discuss this paper (both individually and collectively) 
his deep appreciation of their courtesy. This applies particularly to the 
generous comments by Messrs. Shaw, Jonah, Thomson, and Hanna, who 
approve the paper wholeheartedly. 

Thanks to Mr. Downey, the writer has discovered a mistake in Fig. 3 (0). 
Fortunately, it is of no real importance because all the weights in Fig. 3 are 
intended only for the tyro, and by him to be used solely in making his first 
assumption of metal weight when finding the trial total load per linear foot. 
The effects of any incorrectness in the assumed weight will be entirely can- 
celled by the first-made trial computation. However, that is no valid reason 
for allowing an inaccuracy to remain in the paper; hence Fig. 3 has been 
revised as shown herewith.” 


82a To replace the present Fig. 3 in Transactions. 
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Cy LINDRICAI SHELLS 


Discussion 


| 
By MEsSsRS. W. FLUGGE, AND ANTON TEDESKO 


Dr. W. Friicce™ (by letter).“*—In general, the computations necessary for 
_ a numerical solution of shell problems have heretofore been very cumbersome. 
In the special case of a cylindrical shell of long span these computations may 
be simplified by applying the principles developed by J. W. Geckeler® and the 
author is to be congratulated on his analysis of the problem. 
Following Equation (44) the author states: 
“By substituting Equations (88), (39), and (40), in Equation (35), and, 
likewise, by substituting Equations (42), (48), and (44), in Equation (36), - 
it will be noted that two equations are obtained for the determination of the 


unknowns, J. and Ks. These simultaneous equations cannot be solved in 
explicit form.” 


It is possible to derive the explicit form by introducing the expression, 
F(¢) = e** into Equation (29) instead of Equation (31), thus”: 


e+2da—-ae+tll—-4@tmata) pw 
+[—@Q+mata]w+4ad Cin) Oe es oe LO 


which is of the fourth order of »? and may be solved by exact methods. The 
shell constants, J, and K,, are the real numbers in the two terms of the com- 
plex number, p; thus, 


iis, ei (J, °2 Ka), and pees = = (it se KS) 
The formula offered by the writer in 1934” is somewhat different from 
Equation (149) :. “ 
ie [—Q+mat+2)eo+[QAt+ 2m) a’?—22+ma+1] pe 
4+[—ma+A1+ ma —(2+m)a)w+4ab' A — m?) = 0..(150) 


Nore._The paper by Herman Schorer, Assoc. M. Am. Soc. C. E., was published in 
March, 1935, Proceedings. Discussion on this paper has appeared in Proceedings, as 
follows: September, 1935, by I. K. Silverman, Jun, Am. Soc. C 

15 Privatdozent, Univ. of Géttingen, Goéttingen, Germany. 

15¢ Received by the Secretary September 23, 1935. 

6 “Ueber die Festigkeit achsensymmetrischer Schalen’’, von J. Geckeler, Forschwngsar- 
beiten, Heft 276, VDI-Verlag, Berlin, 1926. 

16 “Statik und Dynamik der Schalen”, von W. Fliigge, Berlin, 1934, p. 139. 
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The disparity is of no numerical importance, however, aad is to be - : 
explained by the different treatment of some second-order terms in the funda- 
mental equations of the shell theory. It disappears entirely if Poisson’s ratio, — 
m, is made equal to zero, an assumption that may simplify the numerical — 
computations, particularly of reinforced concrete ‘shells. The error due to 
this assumption will be less than that introduced by the basic simplifications 
of the paper. : 


Anton TepEsko,” Esq. (by letter).““—In presenting a rather complex sub- 
ject in a clear and useful form, Mr. Schorer has performed a splendid service 
to the profession. The suggested method gives good approximations of prac- 
tical value over a wide range of cases. It would be interesting to investigate 
its degree of exactness beyond the limits given by the author. 

Working for Dr. Finsterwalder, the writer has used other practical simpli- 
fications of his theory, the results of which checked well with those of the 
accurate method. Deformations may be calculated for statically determinate 
membrane stress conditions, such as are impossible in manifold statically 
indeterminate systems. Consequently, these deformations are eliminated in 
the calculations for the latter system. ‘The unknown and resultant stress 
values of the indeterminate system are obtained from elastic equations con- 
forming to the edge conditions. Where the differences of numerical values 
of trigonometric functions of the angle, ¢, give inexact results, the equations 
for deformations are expressed in power series with the angle, ¢, as the 
argument. In these, and in his trigonometric series, Dr. Finsterwalder — 
neglected terms of higher order. He decreased the degree of statical inde- 
terminacy by pairing a vertical and a horizontal force component with a 
moment, M., in such a manner that full restraint is obtained at. the edge; or, 
/in other words, that the direction of the tangent of the cross- -sectional curve 
at the edge remained fixed. In the second series of calculations the tangent — 
is assumed to rotate freely. After the degree of actual restraint is determined, 
the values already obtained are re-adjusted accordingly. When considering : 
roof shell problems the value, N2, at the edge can often be neglected beeause 
of. its rather small size as compared with loads acting on the edge. ar 

The author’s corrected values, Jz, Ks, J’2, and K’s, as given in his Equa- 
tions (70), (71), (72), and (73), should be used successfully in Finsterwalder’s 
accurate method. 

A very clear and almost popular explanation of the edge problem was given 
by H. Riisch,” whose name second to that of Finsterwalder is connected with 
the, development of the bending theory of cylindrical shells. Valuable biblio- 
graphy on the subject has been listed by Mr. A. Floris in his discussion” of a 
paper by D. C. Coyle, M. Am. Soc. C. E. The fundamental equations and 
principles of the author’s paper were given and discussed by H. Savage.” 


7 
; 


7 Structural Engr., Roberts & Schaefer Co:, Chicago, Ill. 
Wa Received by the Secretary September 24, 1935. 


1% “Theorie der Querversteiften  Zylinderschalen fiir schmal \ 
Kreissegmente,’’ von H. Riisch, pub. by R. Noske, Borna-Leipzig, "1931, . oh See ed 


?* Transactions, Am. Soc. C. E., Vol. 94 (19380), p. 1173. 
” Concrete and Constructional Engineering, Vol. XXYV, 1930. p. 490. 
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- Using his accurate theory Dr. Finsterwalder™ has computed the stress 
values, T:, S, T., and) M. for the roof of the Central Market, in Budapest,” 
- Hungary. The roof is constructed of cylindrical barrels of a span, L =, 186 ft, 
a width: of 38’ ft 9 in., and a radius, R = 32.ft 10 in. It consists of seg- 
mental shells in combination with edge members, the cross-section of which 
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Fie. 11.—Srriss CoMPONENTS IN BARREL SHELL. 


is shown in Fig. 11. A graphic picture of the meaning of the shell stress 
components, as discussed by the author, is given in Fig. 11 (b), 11 (c), 11 @d), 


and 11 (e). The stresses are given for x = 0 and z = = with reference to 


, Fig. 1 of the paper. 


2 Ingenieur Archiv, Vol. IV, 1933, p. 57. = 
27he Architectural Forum, Vol. LX, May, 1934, p. 354. 
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The thrust, 72, in the transverse direction of the shell, according to Equa- 


tion (101) for the membrane system, is a direct function of the radius and 


the load of the shell. These values of 7, are indicated by a broken line in 
_ Fig. 11 and are nearly constant over the width of the barrel. The thrust, T., 
of the statically indeterminate system is indicated by a solid line. It has its 
maximum value at the crown of the barrel and decreases to a small value 
near the edge members which are too slender to take up a considerable amount 
of horizontal force. The resulting maximum thrust at the crown is greater 


~_—~ 


than the statically determinate thrust required to carry the given load. The - 


excessive crown thrust results in an increased carrying capacity of the crown 
portion where the shell acts as a support for loads from other parts of the 
shell. The supporting action at the crown and at the edge members is also 
expressed by the moment line, M., of the arched plate where negative restrain- 
ing moments appear at the crown and at the edge members. The bending 
moments are small, however, because small spans only between narrowly 
spaced ideal supports have to be bridged by bending action. Furthermore, 
only a part of the load will cause bending as the other parts are carried by the 
thrust directly. The thrust, T., toward the edge members is decreased by 
shearing forces, S, transferring the loads to transverse end stiffeners. The 
T,-diagram (Fig. 11(b)) shows compression in the shell and tension in 
the edge member, a distribution which could be expected for such a “T-beam 
with curved flange.” 

The limiting equation for the author’s method is Equation (46), 
aE = x. In the method to which the writer has referred as “Finsterwalder’s 
accurate theory,” the longitudinal bending moment, M:, the corresponding 
shearing stress component, N,, and the torsional moment, M: (see Fig. 3), 
are neglected. This simplifying assumption does not influence the results 


in practical cases when = = 1, or even when z is slightly less than 1. For 


the example to which the stress diagrams in Fig. 11 apply, the value, LB is 
R 


equal to 4.15 and the author’s method will give practically the same curves. 
For cases in which a shell of very great radius, R, has transverse end stiffeners 
quite close together, even the results of Dr. Finsterwalder’s ingenious theory 
will become inaccurate. 
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FLOOD-STAGE RECORDS OF THE RIVER NILE 


Discussion 


By HALBERT P. GILLETTE, M. AM. Soc. C. Ei 


Hatpert P. Giuterte,* M. Am. Soc. C. E. (by letter).“*—In a paper on 
“The Oycles That Cause the Present Drought” the writer has compared 
curves of mean flood levels of the Nile River from 1735 to 1919 with those of 
mean annual rainfall at or near Boston, Mass., from 1750 to 1934. The two 
curves are quite similar, each having a minimum for the 5-yr. period, 1790-94, 
and a maximum at or near the period, 1865-69. 

Another diagram” gives the mean thickness of annual tree rings by 
decades, for Arizona pines from 1390 to 1909, indicating three cycles of about 
152 yr. Each cycle has less amplitude than the one preceding because tree 
rings vary less in thickness as the roots attain greater depth. The California 
sequoias also show the 152-yr cycle clearly, particularly when they are young. 
The first great valley in the curve of their annual rings shows a maximum 
drought about 1255 B.C. 

The annual silt layers, or varves, in the ancient glacial lakes of New Eng- 
land and Canada show the 152-yr cycle; but the most impressive evidence of 
this “grand cycle” is found in the recessional moraines left by the retreating 

ice sheet, and in the ancient beaches around the Great Lakes and Lake 
Winnipeg. 

From the foregoing evidence the writer has concluded that the exact 
length of the cycle is one month longer than 152 yr and that its amplitude is 
cyclic, reaching a maximum every 1 825 yr. T. W. Keele, an Australian civil 
engineer, was the first to discern any evidence of the existence of the cycle” 
and he found it in the Nile flood-level records subsequent to 1736, as well as 
in the records of Australian rainfall. Unfortunately, he erred 12% in 


determining its length. 


Nory.—The paper by Cc. S. Jarvis, M. Am. Soc. C. H. was published in August, 1935, 
Proceedings. This discussion is printed in Proceedings in order that the views expressed 
may be brought before all members for further discussion. 

18 Hditor, Roads and Streets, Chicago, Tl. 

18¢ Received by the Secretary October 5, 1935. 

19 Water Works and Sewerage, August, 1935, p. 289. 

2” Loc. cit., Fig. 2, p. 290. 

2 “Nhe Great Weather Cycle,” by T. W. Keele, Proceedings, Royal Soc. of New South 
Wales, Vol. 44, 1910, p. 25. : 
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By means of tree rings the writer estimates that the year of maximum ~ 


drought due to this cycle will be 1939; but since there are a dozen other 


cycles longer than 2 yr, not to mention several shorter than that, there may ~ 


be years even dryer than 1939, in the near future. This is illustrated by 
reference to Table 2,” in which the mean amplitude (Column (2)) is: the 
percentage departure of the cyclograph peak or valley from the mean. 


ie 


The cyclographs were those derived from Arizona pines (1391-1910) except — 


for the 1003-yr cycle, for which early sequoias were used. The sequoias 
usually have amplitudes about two-thirds as great as Arizona pines; therefore, 
the 18% in Column (2), Table 2, should be increased about one-half. The 
amplitude varies periodically through the cycle in Column (3), Table 2; and 
Column (4) gives a year in which a peak of the basic cyclograph had its 
greatest amplitude, which is to be used as an epoch date. 


TABLE 2.—Tuirren RaAmNnFALL CyYcLes 


’ AMPLITUDE Y AMPLITUDE AMPLITUDE 
Pesdnlie a ais a yas my |H Bible fbne oO ee te aD) Basie} (AD) 
cycle, | Mean of max- cycle, | Mean of max- || cycle, | Mean | Cycle, | of max- 
in (per- | Cycle, | imu in (per- | Cycle, | imum in (per- in imum 
years | cent- in rainfall |} Yeats | cent- in rainfall || Y&@T8 | cent- | years | rainfall 
age) years age) years age) : 
(Lb) (2) (3) (4) me 9) (2) (3) (4) (1) (2) (3) (4) 
17 11 5 
= 4 35 1 = i 
i O11 || 18 1 8 167 | 1816 || 48 2 12 293 | 1756 
i 5 2 
3 6 6 19 1900 18 6 11 113 1889 69 3 15 209 1760 
1 
45 ]o7 37 | 1922 |lo32 | 12 | 143 | 1859  |]100 4 13 302 | 1912 
13 2 1 
5 i8 6 103 1919 39 3 10 119 1921 152 12 25 1 825) 1711 
7 9 6 68 JOQL ih | e5ayyatar dhe loca ore. | hieunecee | ft wcelece 3) abt] eq eke | Seta: oP Recker eons 


Four principles seem to be indicated by Table 2, in its relation to the 


paper by Mr. Jarvis, namely, (1) the amplitude of a rainfall cycle tends to . 


increase with the length of the cycle; (2) the amplitude itself is cyclic; (3) 
eycle lengths approximate a geometrical progression series, with a ratio equal 
to a/ 2;and (4) cycle lengths are eithep an integral number of months, or of 
two- hinds of a month. 

Since sequoia tree rings have been measured spanning 3200 consecutive 
years, it follows that they supply a means of determining lengths of cycles 


with great precision. A total of one hundred and thirty-three 24-yr cycles can 


be traced by the sequoia data. Therefore, if the peak of the cycle is determined 
near the beginning and near the end of the 3200 yr, the error in the qcapeth 


of she cycle cannot exceed da yr. 
130 


For the foregoing reasons the writer finds that tree rings are preferable 
to level records of the River Nile in deriving the lengths of cycles.. Further- 


2 Water Works and Sewerage, August, 1935, p. 292. 
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=more, the low-water levels of this river are more variable than the flood-stage 
records cited by Mr. Jarvis and, therefore, are preferable for cycle analysis. 
A simple method of cycle analysis. has been recommended by the writer™ 
which is similar to that devised by Balfour Stewart.” It should be noted 
that this method or Schuster’s* harmonic analysis modification of it will 
-yield pseudo-cycles of two-thirds, one-half, one-third, or one-fourth the length 
_of the true cycle. No writer has previously called attention to this fact. It 
arises from the shape of‘the rainfall curve of a cycle; and, consequently, 
meteorological literature abounds in pseudo-cycles. 

Except for the records of the River Nile, man-kept records by weather 
cover such few years that they are of little value in determining cycles longer 
than about 6 yr. It often requires data covering more than 30 cycles to 
establish the existence of a cycle with a high degree of probability, because 
there are so many cycles that they tend to hide each other. Two rainfall 
_eycles (approximately 152 yr and 101 yr) often are very clearly evident in 
spite of the other obscuring cycles. Occasionally, at intervals of 35 yr, the 
eycle of approximately 2 yr is well defined in winter temperatures and in 
‘laminated silt or varves.” 


23 Water Works and Sewerage, August, 1935, p. 289. 

24 “World Weather,” by H. H. Clayton, p. 376. 

2 “The Periodogram of Magnetic Declination,” pe Arthur Schuster, Transactions, 
Cambridge Philosophical Soc., Vol. XVIII (1899), p. Ts 
d 26 “Recession of Last’ Ice Sheet in New England,’ by Ernst Antevs, Plates I to V, 
p. 121 et seq, 
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DISTRIBUTION OF STRESSES UNDER 
A FOUNDATION 


Discussion 


By MEssrs. MARSHALL G. FINDLEY, AND M. A. BIOT 


Marsuaut G. Fiypiey,” Assoc. M. Am. Soc. OC. E. (by letter).°*—The 


problem discussed by Mr. Cummings is one of a group, which may be ~ 


suggestively subdivided as follows: 


1.—Footings in which one plane section only may be analyzed: (a) Wall 
footings, centered (the simplest case); (b) flume footings (rectangular slabs 
with parallel walls along two opposite edges); and (c) continuous footings 
under a series of parallel walls. 

2.—Simple footings symmetrical around a central point: (a) Square 


z footings with central load; (b) circular shaft footings (chimneys, ete.); and 


(c) square shaft footings. 

3.—Eccentric footings: (a) Square footings with eccentric load; (b) build- 
ing column footings near property lines; (c) retaining wall footings; 
(d) footings for crane columns and movable bridges; and (e) base slabs of 
concrete reservoirs. 


In all these types of footings, in the usual varieties of soil, actual pressures 


are unquestionably small at the edges of the footings, and greatest under or — 


near heavy load concentrations. The usual assumption of design is that 
under a complex footing, earth stresses vary uniformly from one edge to 
the other. This usual assumption is clearly just as inaccurate in the case 
of complex footings as it is in simple cases, such as Footings 1(a) and 2(a). 
Furthermore, this inaccuracy is greater in some types of soil than in others. 

In consideration of footing problems, two points of view have arisen. One 
is that of soil mechanics, or the analysis of conditions in the soil under the 
structure. From this point of view the assumption of uniform or uniformly 


varying pressure at the plane of contact is often actually unsafe. In certain — 


types of clay, for instance, it is now known that a large footing sometimes 
Ss Fh SRD oe LN IE INN RE LR SOT a 


Notn.—The paper by A. E. Cummings, Assoc. M. Am. Soc. C. E., w. 
August, 1935 Proceedings. Discussion on this paper has appeared in Procecbinpa ae Tae 
lows: October, 1935, by Messrs. Clement C. Williams, D. P. Krynine, and L. C. Wilcoxen. 


82 Structural Designer, Water Purification Plant, Milwaukee, Wis. 
%2a Received by the Secretary October 24, 1935. 
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cannot carry proportionately as large a load as a small footing; the greater 
building up of pressure in the center may start a crushing action of particles 
of clay holding water in integral union, which in time will lead to the settle- 
ment of the larger footing. 

The second point of view is that of the designer of the footing slab. From 

his point of view, the assumption of uniform or uniformly varying pressure 
is almost always somewhat on the safe side. Usually the loss of economy is 
_not very serious. In the unusual conditions that occur occasionally in which 
this assumption is very extravagant there is little published precedent as 
to the proper method of slab design. 

The author’s review of conditions beneath a simple footing should be 
studied carefully not only by students of soil mechanics, but also by 
designers of foundation slabs. Strangely enough, these two points of view are 

not actually co-ordinated as well as they might be. 

In the design of footing slabs the exact theoretical formula is often not 
of great importance. For instance, in the case of a simple wall footing, a 

sine formula seems to be theoretically correct in stiff homogeneous material 
for distribution of pressure at the plane of contact; but considering the 
resulting design of footing, it may not make any appreciable difference 
whether a sinoid, parabolic, or an elliptic distribution curve of footing 
pressure is assumed. The important point is to take account of the deflec- 
tion of the cantilever edges; this may be done even by means of a very rough, 
‘straight-line diagram, without serious error in shear or moment diagrams. 

Such rough straight-line diagrams may be used with profit in the design 
of certain more complex types of footings. It is not the intention to cast 
any doubt on the advisability of theoretical and experimental work such as 
that cited by Mr. Cummings; but there are certain types of footings, some of 

which are among those outlined herein, in which even with rough straight-line 
assumptions as to footing pressures, design becomes very complex mathemati- 
cally. The exact conditions are not known through experiment; nor are they 
accessible to exact scientific imagination; the soil is not perfectly homogeneous, 
although on the whole it is substantial and dependable; and the final conditions 
as to ground-water are not determined or are not constant. Under such condi- 
tions, it seems more in line with exact scientific procedure to make a rough 
but probable assumption and then to compute, exactly, certain of its conse- 
quences, than to use the very improbable assumption of uniformly varying 
load. Furthermore, the less probable assumption occasionally results in 
design that is economically impossible, and obviously unnecessary. Pains- 
taking detailed investigation has clearly proved certain general truths about 
foundation pressure distribution. It is possible to use these general truths 
in a rough approximate way, under conditions where detailed application is 


impossible. 


* M.A. Biot,” Ese. (by letter)**—The classical theory of elasticity is based 
on a linear relation between stress and strain. This fact introduces an 


' % Univ. of Louvain, Louvain, Belgium. 
88a Received by the Secretary October 21, 1985. 
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important simplification in mathematical investigations in that the super-— 
position principle can be used and the summation. of elementary solutions | 


leads to other solutions. 

It is important to note that for a material that does not satisfy Hooks 
law, this superposition principle does not hold and, in general, it will not be 
permissible to add up solutions due to loads acting independently in order 


to find the stresses due to their combined action. 


In the case of certain materials like sand, however, the pressure distribu-_ 
tion is assumed to be given by a semi-empirical law more general, than that 
of Boussinesq formulated by Equation (8) of the paper. In case the pressure © 
distribution does not coincide with that of Boussinesq, this must, be due to 
the fact that the material is either not isotropic or does not satisfy Hooke’s — 


law. The latter is true, for instance, if some kind of gliding occurs inside 
the material. Obviously, then, it is not permissible to superpose solutions 
of the form of Equation (3) in order to find the effect of distributed loads. 
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SOME LOW-TEMPERATURE CHARACTERISTICS 
OF BITUMINOUS PAVING COMPOSITIONS. 


Discussion 
_ By MEssrs. PHILIP W. HENRY, J. T. L. McNEw, AND Roy M. GREEN 


PHILIP W. Henry,’ M. Am. Soc. C. E. (by letter).**—Although' the author 
“may be justified in stating (see “Synopsis”) that “little, if any, study 
has been made concerning low-temperature performance in paving composi- 
tions” and (see “Introduction”). that. “scientific data have not been available 
with reference to the characteristics of bituminous paving compositions over 
a wide range of temperatures, particularly low temperatures,” nevertheless, 
as early as 1887, it was. the practice to use a softer asphalt cement in such 
cities as Buffalo, N. Y., and Omaha, Nebr., where asphalt pavements laid-a few 
years earlier had cracked badly. In 1887 the Company with which the writer 
was connected used a softer asphalt cement without any change in the mineral 
aggregate or percentage of bitumen to meet this situation. When the writer 
became Superintendent of the Company in Omaha, in 1889, he continued the 
practice, with the result that although the, asphalt pavements laid a few 
years previously showed the worst cracking that he ever beheld before or 
since, all the pavements laid with the softer asphalt cement came through 
the winters without cracking. , It was also the practice to use a still softer 
asphalt cement on streets of light traffic. 

In those days no attention was paid to the mineral aggregate, and little 
to the percentage of bitumen. In all:cities' practically the same number of 
pounds of sand, stone dust, and asphalt cement were used in the batch, 
regardless of the grading of the sand. Fortunately, in most cities, suitable 
sand was at hand, although in’a few cities, St. Louis, Mo., particularly, 
the sand then used was deficient in’fine material (as was discovered later), and 
the pavements lacked the durability which pertained to most of the asphalt 
pavements of those days. a) dyer 

Until 1888 there was no method of recording the consistency of a given 
asphalt cement. Previous to that time the consistency was determined by 


Norr.—The paper by Hugh W. Skidmore, Assoc. M. Am. Soc. C. B:, was published 
in August, 1935, Proceedings. This discussion is printed in Proceedings in order that the 
views expressed may be brought before all members for further discussion. 

6 Cons. Engr., New York, N. Y. ; : 

6a Received by the Secretary September 23, 1935. 
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chevine the cement, and the foremen of the asphalt plants became so expert 


that they could determine in this way the penetration of a given asphalt cement — 


within four or five points. 


Mr. Clifford Richardson, the author of the first authoritative publication . 


concerning all phases of an asphalt pavement, was well aware of the impor- 
tance of meeting low temperatures with a softer asphalt cement.’ In discuss- 
ing certain pavements laid in 1897 he wrote’: 


“Experience has shown, however, that in these surfaces, although the aver- 


age percentage of bitumen reached 10.5, it was in most cases too hard, averag- 
ing 58, which has resulted in some cracking. In subsequent years, therefore, 
it has been the practice to use softer asphalt cement. The results have been 
very satisfactory.” 


In another place he states’: 


“Cracks of the second description, due to the use of asphalt cement which 
is too hard or which has become hardened by being mixed with too hot sand, 
or to this cause combined with others, are the form which is most commonly 
met with * * *. Such cracks are due to the fact that the hard asphalt 
is too brittle at low temperatures to yield to the contraction of the surface. 
It fractures under the tensile stress imposed upon it. * * * Cracks which 
are due to the fact that the mixture is deficient in bitumen, in consequence 
of which the surface does not possess sufficient tensile strength, regardless of 
ductility, at low winter temperatures, are not as frequent as those due to a 
hard bitumen, since in such a mixture, disintegration with the formation 
of holes takes place, as a rule, before cracking.” 


Notwithstanding this early general knowledge, arrived at through costly 
experience (in those days, asphalt pavements were guaranteed from 5 to 
20 yr), the data furnished by the exhaustive study made by Mr. Skidmore 
would seem to establish a scientific basis for designing asphalt pavements to 
meet the low winter temperatures. 

Incidentally, it is curious to note that there has been practically no change 
in the method of laying asphalt pavements on city streets in the past fifty 
years and more. In the Eighties the same types of tampers, smoothers, fire- 
wagons, and rollers were used as are used to-day. This is in contrast to the 
laying of the concrete base, which was then mixed entirely by hand. 


J. T. L. McNew, M. Am. Soo. CO. E. (by letter).°*—It is indeed gratifying 
that Mr. Skidmore has presented the results of this particular investigation: 
Undoubtedly, he has treated a phase of the subject which is very important, 
and one, perhaps, which has been neglected too long. 

Notwithstanding the fact that technologists have always admitted that 
asphalt mixtures have no appreciable strength in flexure, the tendency of many 
engineers in practice has been to build as much beam strength in the mixes 
as possible, with the result that flexibility, self-healing, and shock-resisting 
properties were sacrificed. This tendency is indicated by specifications which 
provide for extremely high filler content, low bitumen content, and harder 


T™“The Modern Asphalt Pavement”, Second Edition, p. 321, 
8 Loc. cit., pp. 480-483. ’ 


® Prof. of Highway Eng., Agri. and Mech. Coll. of Texas, College Station, Tex. 
®a Received by the Secretary, October 1, 1935. 
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asphalt. Part of this tendency toward so-called highly stable mixtures has 
been due to a misconception as to what construction methods are feasible 
for field use. Mixtures that are compressible under laboratory conditions may 
be entirely unworkable on the road or on the street. When such conditions 
are encountered the novice resorts to hotter mixtures and still less bitumen, 
all of which tends toward making a bad mixture worse. 

The effect of the mixing temperature on the bituminous cement is of con- 
siderable importance, especially since many of the mixtures classified as 
highly stable are also low in aggregate voids and, in turn, low in total 
bitumen-carrying capacity. Reference to analyses’ of samples from existing 
pavements show conclusively that plant heat and agitation during mixing may 
lower the penetration of the asphalt as well as the percentage of bitumen so 
much as to destroy the self-healing properties entirely. As early as 1919, 
Roy M. Green, M. Am. Soe. CO. E.,"° reported numerous examples of pavements 
in which the aggregate was bonded with asphalt from 10 to 20 penetration 
and yet it was known that the material used was not as hard as the analyses 
indicated. These extremely low penetrations could not be chargeable entirely 
to a natural loss of the more volatile fractions by weathering. 

The writer has always been unable to find much good in the theory requir- 
ing the use of harder asphalts for increasing stability as measured by shearing 
tests. Shearing displacements are most likely to occur during periods of 
high temperature; and yet when the air temperature is 100° F the pavement 
temperature will often be 145° F, or so hot that any usable steam-refined 
asphalt cement will be in a liquid, or a very soft, condition. Obviously, the 
cementitiousness of two similar residues having slightly different degrees of 
fluidity cannot be measured as a large quantity. If most asphalt binders 
are in reality liquids or near liquids at summer pavement temperatures, then 
perhaps the real question to be answered is: What mixture design will serve 
both the summer conditions as well as the winter extremes? The author’s 
investigations are interesting in that the results give some information on 
that question and cast suspicion on the theory sometimes advanced that 
harder asphalt cements produce better pavements. 

Tf it is assumed that an asphalt surface is on an adequate foundation, low 
temperature failures of the surface are likely to occur as a result of mixtures 
that are too lean in asphalt cement, as a result of brittleness of the binder, 
or by raveling of the surface. Winter raveling may be due to the brittleness 
of the binder or it may be caused by freezing of impregnating water in the 
open mixtures. Brittleness in a pavement probably is more easily measured 
by rapidly applied loads than by slowly applied increments, and such a thought 
gives rise to the question: Why should not all stability tests on asphalt mix- 
tures be made either with rapidly increasing loads or with loads applied 
suddenly? Regardless of what stability test is used on a bituminous paving 
mixture, the strength increases as the percentage of bituminous binder 
increases from a decided deficiency to some percentage that provides a maxi- 
mum strength. After the maximum strength is reached, if the bituminous 


10 Bituminous Pavement Investigations, Pt. I and Pt. II, Texas Eng. Experiment 
Station, 1919 and 1921. 
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cement, is further increased, the strength of the mixture decreases and con- 
tinues to, decrease upon the addition of bitumen until the samples are made 
of a preponderance of bituminous cement and little or, no aggregate. The ~— 
difficulty encountered in correlating the results of the different types of tests 
lies in the fact that the maximum strength does not occur for the same 
percentage of bitumen; for example, one testing procedure may indicate a 
maximum strength at about 8% bitumen, whereas another type of test will 
probably show a maximum strength for as high as 94 per cent. 

For a number of years the writer has been using a modified shear test 
made by forcing'a frustum of a cone out.of a cylindrical specimen of pave- 
‘ment under a gradually applied load, and has been able to verify conclusions 
of other investigators who used somewhat different tests to study the effects of 
different variables on the strength of mixtures. He has never been completely 
satisfied with the test as performed, however, because of ;the conviction that 
the manner of applying the load does not simulate the load application made 
by traffic; nor has he been able to propose such: a loading device that is 
entirely satisfactory. Even the most rigid or stable asphalt pavements, as 
measured by the shearing strength tests, are in reality plastic mixtures that 
undergo movement on,the street; and such movement does, to an appreciable 
extent, cause an internal re-arrangement of. particles. Plasticity, then; isa 
property of a bituminous mixture that must. be. admitted and the most made 
of it as a quality of the mixture, because it cannot be eliminated entirely. A 
bituminous mixture may be plastic enough to flow gradually when subjected 
to a load of any kind for a long time and yet.if the same mixture were loaded 
suddenly either. in shear, compression, tension; or flexure, the plastic prop- 
erties would not prevent failure. ; 

As stated by the author, the. ductility of the bituminous cement at low a 
temperatures is of great importance. For that matter, any test for consistency 3 
at low temperatures. is of value because plasticity is the desirable quality 
rather than brittleness in. the lower ranges of temperature. It appears that 
the mixture which may, be, judged the strongest in shear, at 140° F may be 
decidedly too brittle at 4° or 5° CO. 

In 1929, the writer undertook. the direction of some research . Hai on. 
bituminous paving mixtures in the hope of developing certain modifications — 
of test procedure that would detect properties of brittleness. Specimens were — 
tested first by determining the intensity of load, applied gradually, that would 
be. required to push a. frustum of a cone out of a specimen. 5 in. in diameter 
and: 2 in. thick. . From this test a strength curve could. be plotted to show 
the effect of varying the. bitumen. Later, another, series of samples like, the first - 
was tested by knocking out the frustum of a cone of the same size by means - 
ofa hammer falling from a constant height. In this latter case the num- 
ber.of blows to. cause failure was plotted as the ordinate against the percentage : 
of bitumen. as the abscissa. As was to be expected, : the general shape of the 
strength bitumen curve was the same for the two tests, but the “percentage . 
of bitumen required for maximum. strength was more for the impact test 
than for the shear test. In other words, the samples that were strongest — 
under shear were not the strongest under impact. Of course, no one has 
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proposed that the mixture which is strongest in shear should necessarily be 
the one chosen for the street; however, it has been a debatable question as to 
what variation from maximum results should be specified for the paving job. 
The writer is convinced that the foundation of a road must be able to with- 


‘stand the traffic load before any surface will be capable of fulfilling its mission. 


If such a foundation is adequate, the function of the surface is to prevent 


wear, absorb impact, distribute load, and, in other ways, preserve the life of 


the load-carrying medium, regardless of weather. To fulfill ‘that function the 
surface must be plastic enough to be either flexible or self-healing, stable 
enough to prevent waving, and designed so that it may be controlled as to 
uniformity in all the construction operations. 

Since ground movement is also prevalent in winter months there appears 
to be every evidence to indicate that flexibility must be a quality of 
bituminous surfaces during winter extremes of temperature. It appears also 
that the mixture design, as well as the choice of all materials, must be predi- 
cated upon a proper evaluation of all demands to be made upon a surface, 


and not on the extremes of summer temperatures alone. — 


Roy M. Green,” M. Am. Soc. C. E. (by letter).“*—Engineers and asphalt 
technologists are indebted to the author for this contribution toward placing 
the design and performance of asphaltic mixtures upon a more ‘sound and 
rational basis. He is to be particularly commended for his demonstration of 
the. following facts: (1) A desirable design of an asphaltic mixture for cold 
climates is one in which the asphalt cement slightly over-fills the voids in the 
mineral; (2) in attempting to obtain high stability in a mixture there is grave 
danger of using a filler content which is too high; and (3) asphalt cements of 
higher penetration are desirable in the colder climates. 

aN reading of this paper and a study of the curves in Fig. 2 leaves the 


impression that the California cements (Specimens 1, 2, and 3) are unde- 


sirable in cooler climates. This is not a stated conclusion of the author, 
however. In the Cities of Omaha and Lincoln, Nebr., there are a number of 


sheet asphalt pavements which have been in service since 1905 and before. 


These pavements were laid with California cements, and have withstood the 
winter weather of this section of the country without the least distress and 
are in excellent condition to-day. However, the mixtures are rich and con- 
tain asphalt cement in excess of that necessary to fill the voids in the mineral. 

- It would have been very enlightening had the author made further mix- 
tures with these cements, carrying the asphalt cement to 10% above normal, 
as he did the mixtures given in Fig. 5. Would this added asphalt cement 
produce a mixture such that the curve would not reverse itself at the lower 


‘temperatures? Is it possible, to a certain extent, to improve upon the per- 
formance of a given asphalt cement by altering the composition of the mix- 
ture from the standard conditions set up by the author’s experiments? ’ 


‘11 Pres. and Mer., Western Laboratories, Inc., Lincoln, Nebr. 
iia Received by the Secretary October 9, 1935. B24 
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DISCUSSTONS 


FAILURE THEORIES OF MATERIALS SUBJECTED 
TO COMBINED STRESSES 


Discussion 
By MeEssrs. W. P. Roop, AND H. F. MOORE 


W. P. Roop,* M. Am. Soo. C. E. (by letter).“*—The need for a “failure 
theory” is not immediately apparent; it is a rather naive but widespread idea 
that a safety factor, taken as the ratio of ultimate to working stress, represents 
the margin provided to prevent failure in spite of the designer’s mistakes. In 
point of fact “there is a considerable number of variables outside of magnitude 
of stress, involved in the problem of strength””; the burden thrown on the 
safety factor by uncertainty as to what determines failure under combined 
stresses is not responsible for a large share of the margins of strength found 
necessary. 

Nevertheless, some sort of criterion by which to allow for combination of 
stress is necessary, and as the other variables in the problem of strength are 
subjected to more searching analysis, it is right that this one should also 
be re-examined. For this purpose sixteen different theories are reduced to 
forms suitable for comparison, both analytical and graphical. It is under- 
stood that the curves shown represent boundaries beyond which plotted points 
indicate failure. Although it is not clearly so stated, it is understood 
furthermore, that the co-ordinate of these points are the relative values of the 
principal stresses. Each such point thus represents a certain proportion 
between the two principal stresses, the scales being such that the ultimate 
strengths in simple tension and compression are correctly indicated, so oo 
all curves (except that for Theory (8)) pass through all the four points 
ee es LP Mme Oa a 

It appears in Table 1 that “failure” may mean anything from rupture to 
exceeding the proportional limit. In the graphic study, these differences are 
ignored and only the effect of combining stresses is considered, with no 
reference to characteristics of the material. 


Notr.—The paper by Joseph Marin, Jun, Am. Soc. C. E., was published in A 4 
1935> Proceedings. Discussion on this paper has appeared in Pr oocedingy, ia fclbne a 
, October, 1935, by Messrs. J. J. Slade, Jr., T. McLean Jasper, and I, K; Silverman. 7 


18 Lt. Comdr. (C.C),. U. S. Navy, Office of Superint g 2 
pilldiig Con Cameo. y perintending Constructor, New York Ship- 


48a Received by the Secretary September 27, 1935. : 
2 Journal of Applied Mechanics, 1935, p. 106. i 


N ovember, 1935 MOORE ON FAILURE THEORIES AND COMBINED STRESSES 1407 


The stress at a point in a homogeneous elastic medium is a condition that 
can be specified exactly, regardless of the combination of loads, each with its 
contribution to stress, by which the actual result is produced. The real ques- 
tions thus appear to be: (a) Considering the stress at the point at which 
“failure” begins, what feature of the stress is it that determines the failure; 
or, in a word, what constitutes equivalence of stresses in causing failure? 
and (b) in strength calculations involving combined, loads, how shall the 
effective feature of the resultant stress be estimated? 
Fig. 19 indicates that the graphs generally agree in showing an elongation 
, along the axis of half past one. Does this mean that a combination of prin- 
cipal stresses of the same sign is more easily withstood than a combination of 
opposite signs? If so, that would confirm the idea that somehow shear plays 
a special part in causing failure. 

It appears that no more definite conclusion than this is possible from the 
| data presented, since the spots in Fig. 19 and the data in Columns (6) and 
(7), of Table 1, show that the spread of observations exceeds the differences 
_ between the theories. 


are F. Moors,” Esq. (by letter).*°*—An interesting summary of the _present- 
day knowledge. of theories of failure of materials subjected to combined stress, 
is presented in this paper. Table 1 is a very convenient statistical summary 
of the evidence. It is to be noted that, with the exception of the tests with 
solid cast-iron rods under combined tension and compression (at right angles), 
Professor Marin has used the criterion of elastic strength in all cases. He 
quotes the strength of a tube of cast iron as judged by “yield point”. This 
reporting of a yield point in cast iron would seem to call for further explana- 
tion, as cast iron ordinarily does not have a yield point. At first sight, the 
various criteria used for elastic failure would rather confuse the evaluation 
of results, but a closer examination shows that for each comparison of theory 
with experimental results the same criterion is used, so that tests may be 
compared fairly satisfactorily. It would be of interest if Professor Marin 
had given references for the particular experiments in each case listed in 
Table 1, in fact his paper would be distinctly more valuable if references to 
original sources of data were given more fully. 

Two points are not covered by the paper. The first is the failure of mate- 
rials by other than elastic failure. Professor Marin has, indeed, quoted tests 
on cast iron in which theory was judged by the strength at fracture. These 
tests seem to indicate that the maximum strain theory fitted test results more 
closely than the other theories. This result is checked by tests obtained by 
Matsumura and Hamabe” on tests of cast iron under combined bending and 
torsion. In the 1933 Marburg Lecture before the American Society for Testing 
Materials, Dr. H. J. Gough, of the British National Physical Laboratory, 
quoted fatigue tests of mild steel under combined stresses” which indicated 

‘that, using fatigue fracture as a criterion of strength, the maximum shear 

20 Research Prof. of Eng. Materials, Univ. of Illinois, Urbana, Il. 

20a Received by the Secretary October 14, 1935. 


21 Memoirs of the Coll. of Eng., Kyoto Imperial Univ., Kyoto, Japan, February, 1915. 
22 Proceedings, Am. Soc. for Testing Materials, Vol. 33, Pt. II, pp. 103-104. 
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strain-energy theory (Theory (11) in the paper) fitted results best; and the 
maximum ‘shear theory (Theory (7), in the paper) showed fairly close agree- 
ment with test results and was slightly on the “safe” side. It is quite possible 
that different theories hold for ductile and for brittle materials, and also for 
failure by fracture as opposed to failure by plastic action. This raises” 
the question of failure by continued flow or creep, which has become impor- 
tant at high temperatures. No data on creep under combined stresses are 
available, so far as the writer knows. q 

- Another point not covered by Professor Marin is the question of failure’ : 
by “tri-axial” stress, especially a failure under equal tensile stresses along 
three axes of reference. | So far, no effective experimental study of this phenome- 
non has been made. Under equal tensile stresses in three directions the shearing 
stress in a metal would be zero, and it is a matter of dispute whether this 
would strengthen the metal by preventing shearing failure, or weaken it by 
inhibiting the occurrence of slight’ localized plastic action which usually is 
found in metals even under light stresses, and which tends to reduce the 
“peaks” of localized stress which, without this plastic’ action, would be 
developed on minute areas. The writer does not know any more intriguing | 
problem than the study of this “triple tension”, which has been discussed so 
vigorously by Professor beet ee Haigh, of the Greenwich Naval Academy 
Laboratories, at Greenwich, England. 


: 


eee ea. ee 
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THE STRESS FUNCTION AND PHOTO: 
ELASTICITY APPLIED TO DAMS 


Discussion 


By I. K. SILVERMAN, JUN. AM. Soc. C. E. 


Tek, SILVERMAN,” Jun. Am. Soo. C. E. (by letter)."“—The first solution 
for the stresses in a gravity dam based on the equations of the theory of 
elasticity was given by Lévy.” However, this solution holds only for an 
‘infinite wedge and does not take into account the elastic action of the base. 
-Léyy’s solution coincides with the ordinary ,engineering methods for the 
determination of the stresses in triangular dams and, at the same time, gives 
the law for the distribution of the shearing stresses. Until recent times very 
little experimental work has appeared in English or American | engineering 
literature on this important question. The experiments™ of Ottley, Bright- 
more, Wilson, and Gore made in 1907, on this type of structure, were out- 
‘standing. On the other hand, there have been many theoretical iiveetie ations 
‘and among the outstanding ones are those of Wolf,” Vogt,” and Kalman.”' 
‘The latter investigators have shown definitely that the influence of the founda- 
_tion cannot be neglected and that the stresses in the lower third of the dam 
are greatly affected .by its elastic behavior. The author has pointed to this 
fact and has furnished a valuable tool in the form of the function given 
by Equation (50), for the determination of the qualitative effect of the 
‘ restraining action of the base. This function is important since it furnishes 
an infinite number of free constants which may be used to satisfy any num- 


Notn. was published in September, 19385, 
Proceedings. This discussion is printed in Proceedings in order that the views exprenied 
may be brought before all members for further discussion, 
| 1 With U. S. Bureau of Reclamation, Denver, Colo. 

16a Received by the Secretary, September 30, 1935. 
. 17 Comptes Rendus, Vol. 127, 1898, pp. 10-15. For a complete discussion’ concerning 
‘the stresses in gravity dams, see “Stresses in Gravity Dams by the Principle of Least 
“Work”. by B. IF. Jakobsen, and the discussion ‘thereon, Transactions, Am. Soc. C. W., 
Vol. 96 (1982), pp. 489-591. 
i 18 Minutes of Proceedings, Inst. C. B., Vol. CLXXII, 1907-08 Session, Pt. IT, 1908. 

” “Fur Integration der Gleichumg v‘* F = 0 durch polynome im: Falle des: Staumaner 
Problems” Sitzungderichte der Kaiserlichen Akademie der Wissenschaften in Wien, 1914, 
Vol. 123, 
o Potcnex die Berechnung der Fundamentdeformation”, Det Norske Videnkaps 
Akademi, Oslo, 1925. 

“Sulla validita del regime Levy nelle dighe del tipo di gravita’, L’ Tip eet Vietlica, 
“March and April, 1927. 


~ 
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ber of elastic or stress conditions. .Thus, it is to be seen that the stresses 
may be determined to any degree of mathematical accuracy. It is to be 
noted that Equation (43) is a solution of Equation (3b) and, therefore, 
describes a state of stress which is in equilibrium and compatible with 
Hooke’s law. 

This very important function may be Beek ee by the usual methods 
for the solution of partial differential equations when the form of the solu- 
tion is indicated by the nature of the problem. Consider the case of a 
rectangular plate® with its sides parallel to the OX and OY-axes in Fig. 1. 
The stresses on the sides, y = + c¢, are described as follows: 


Fory = +e: 


co, = —Bsin™ : ies Senos tiene re Nee eh (83a) 


and for y = — ©, 


oy = —A sin TR Ca 


In both cases, t,y = 0. From the nature of these given stresses and of the 
shape of the body, it is logical to assume that the Airy function is of the form: 


F = sin ne pt. PEND NOS eae 


in which Y is a function of y only. Inserting Equation (84) into Equa- 
tion (3a) an ordinary differential equation for Y is obtained, as follows: 


2 4 
ay 2d oe — =U), oa tne g sinnca Se eter 
\ 
in which a = sae . The solution of Equation (85) contains four constants 


7 


of integration which may be determined from the boundary conditions 
expressed by Equations (83) and (84). The solution of Equation (85) is: 


Y = Cisinh ay + C,'cosh a y + Cs y cosh a y + Os y sinh a y. .(86) 
The Airy function is: i 


F=sina X [Cisinhay + C,coshay + Osy coshay + Coy sinh ‘a 7 (81) 


Similarly, when the structure dealt with is bounded by two concentric 
circles or parts of concentric circles and the loads on the. boundaries are : 


expressed as functions of the angle, 6, a form of the Airy function is: 
F = £ sin n 0, or, 


1984, p 
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. in which Ek is a function of the variable, r, oxy. Inserting Equation (88) 
into Equation (3b) an ordinary differential equation is obtained for R. The 
solution of this equation yields the following Airy function.” 


ay 


F= a log r + bor? + cor logr + dor? +4 r 6 sin 6 + a’o6 
2 


+ (br + asr* + Wir log r) cos 6 — | r 6 cos 6 
2 


+ (dr + cir* + dir log r) sin 6: 


Se > (an 7” + bar’? + aar™ + Unr) cos n 6 


n=2 


+ Sy (ent + dnt? 4 idnr® 4 dn rt) sin n 6. ...... (89) 
‘ n=2 
in which the constants of integration are to be determined from the boundary 
conditions. ; 
The most suitable function for the stresses at a sharp corner, of the type 
shown in Fig. (4), is of the form: 


ee RE OT Boek eae vas 90) 


in which f is a function of the variable, 6, only. Insertion of Equation (90) 
into Equation (3b) gives the following ordinary differential equation for f: 
d‘f af é 

St nigel erecta, (Gael Nine =u Ol tevenaterateetstoneeeiGO 
Oe ay d @ : | ) 
The solution of Equation (91) is: 


f =e, cos (n —1)6 + & sin (n —1)6 +c; sin (n +1)6 + & cos (n + 1)0.(92) 


The constants of integration and the values of n that remain to be deter- 
mined are obtained from the boundary conditions on the faces, @ = 0 and 6 = y. 
Expanding the terms of Equation (92), the resulting formula is identical 
with Equation (43) in which A, B, C, and D are constants of integration 
replacing ¢:, C2, ¢s, and c, of Equation (92). 

For the boundary conditions 6 = 0; o = 0; tre = 0; and 0 = y; 
oo = 0; tre = 0 — a set of homogeneous linear equations is obtained, namely ; 


Bree’ eM ee te ae ek (oan 
ASG GAA Mee OS ereicle 6 ante e Minrehenre COD 
Dsinn y + A sin ny cos y + C cos n y sin y = 0......-.(95) 


and, 
D (n cos ny sin y + sin n y cos y) +A (n cos n y cos y — sin n y — sin y) 
+ 0 (cos ny cosy — nsin ny sin y) = Oe saree tes (96) 


23 Theory of. Blasticity’, by S. Timoshenko, Eng. Societies Monographs, p. 114. 
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’ 
The simultaneous solution of Equations (93) to (96) gives only relations 
between the constants, namely, B = 0; — = — n; and, - = — (cot y 


— n cot n y). Assuming that A = — 1, then C = n; and D = (cot y 
— n cot n ye = m, which values are idehtical with those of the author. 
Furthermore, in order that the constants may differ from zero, the following 
relation must hold true: 7 


nm sin? ys BID Moyes coe 0b amie s= ae Ee | (97) 4 


By means of Equation (97) any number of functions of Equation (43), 
each with a free constant, may be obtained to satisfy conditions on bound-— 
aries other than 6 = 0 and. @ = y, as shown by Equation (50). : 

The function expressed by Equation (43) has appeared from time to time 
as special cases in engineering literature, but no general form has been given. 
H. M. Westergaard, M. Am. Soc. C. E.,% has applied this type of function 


when es Sa 360 degrees. The function took the following form, ) 
r= > Kn sls [ (n — 0.8) sin (n + 1.5) 6 
wing... 2.(n +0.) (nb 1.5) 
—(n +.1.5) sin (n — 0.5)6 ] oithasie ae red .. (98) | 
. y 


in which the coefficients, Kn, are free constants. 


ee ‘Stresses at a Crack, Size-of' the Crack, and the Bending of Reinforced Concret Mee t 
by H. M. Westergaard, Journal, Concrete Inst. November—December, 1938, p. on aad 
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-FLOOD AND EROSION CONTROL PROBLEMS AND 
THEIR: SOLUTION : 


Discussion 


By MEssrs. ARTHUR G. PICKETT, AND R.: W.. DAVENPORT 


Artutr G. Picker,” Assoc. M. Am. Soc, C. E. (by letter)**~In the lat- 

ter half of his paper, Mr. Eaton has demonstrated conclusively that the 
primary cause of débris flows hazardous to communities of the Los Angeles 
coastal plain, is the denudation by forest fires of the brush cover of adjacent 
foot-hill and mountain water-sheds. These fires, if followed by the type of 
heavy semi-tropical rains that frequently occur in Southern California, result 
in sheet erosion and débris flows from the mountain sides on to’ the unpro- 
tected communities below. Such flows will not cease until the native. brush 
cover has been fully restored. 
"No engineer familiar with the topography and’ geology of these water- 
sheds, who observed the results of the La Crescenta-Montrose disaster, will 
question the possibility of a débris flow during such a storm, of from 50000 
to 100000 cu yd per sq mile of water-shed burned. 

Mr, Eaton presents factual data to the effect that the La Crescenta- 
Montrose disaster resulted in the loss of thirty lives, the destruction of 483 
homes, and a total property damage of $5000 000, all of ‘which was the result 
‘of one storm upon a burned area of 7.5 sq miles. To this loss must be added 
the cost of débris removal and the necessary constriction of débris basins 
and flood-control works adequate in size to prevent similar damage which 
may occur at any time in the next 5 or 10 yr, or until tHe ithe brush cover 
is sufficiently restored to retard excessive erosion. 

Based upon data presented in the paper, the cost of débris removal follow- 
ing the disaster, probably exceeded $425 000, or more than $57 000 per sq mile 
of water-shed burned. Los Angeles County is admittedly entering a wet 
cycle, or period of more than average rainfall, during which several storms 
‘of greater intensity than the one which caused the disaster may be expected. 


Norn.—The paper by BE. Courtland Haton, M. Am. Soc. C. E.. was published in Septem- 
ber, 1935, Proceedings. -This discussion is printed in Proceedings in’ order that the views 
expressed. may be brought before all members! for further discussion. 


9 Civ. Bngr., Los Angeles County Surv., Los Angeles, Calif. 
“9a Received by the Secretary October 9, 1935. | 
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Consequently, the cost of construction and maintenance of débris basins in 
the area during the next five years may, according to Mr. Eaton’s data, exceed — 
$1 000 000. 

The writer is thoroughly in accord with most engineers, who agree that 
if the mountain water-shed had not been denuded by forest fire, little or no 
damage would have occurred in the foot-hill communities of this flood area. 
It would seem, therefore, that the possibility of successful suppression of 
brush and forest fires adjacent to such communities should receive the 
primary consideration of engineers interested in flood and débris control. 

Similar fires in the Hollywood Hills have been fought successfully by 
the Fire Department of the City of Los Angeles. R. J. Scott, Chief of the 
Fire Department, has found that, if trained fire fighters, properly equipped, 
can reach a fire within 15 min of its inception, and if 10000 gal of water per 
min can be placed at their disposal for a short time, they can almost invari- 
ably suppress the fire without serious loss of water-shed cover; whereas with- 
out this water available, a loss of hundreds or even thousands of acres may 
be expected. Table 7 of the paper, shows that seventeen fires fought, without 
the advantage of an adequate water supply, resulted in a loss of 320400 acres © 
of water-shed in Los Angeles County, an average of 18 900 acres per fire. 

Although the personnel of the Federal Forest Service and County 
Forestry Departments is thoroughly organized and trained, limited appropria- 
tions have prevented the installation of water systems, as well as the 
acquisition of other much needed facilities for forest fire protection. Until 
recently, such facilities have been regarded by many as an unwarranted ex- 
pense, even in the relatively small areas, adjacent to heavily populated com- 
munities, where more than 90% of such fires originate. 

Following the La Crescenta-Montrose disaster, -plans and specifications 
were prepared for the construction of a project, under the work relief program, 
to provide a water system, motorways, firebreaks, trails, and similar facilities 
necessary for the fire protection of the extremely dangerous water-shed above 
the communities of Altadena and Pasadena. 

This project was the first unit of a comprehensive plan to provide snk 
facilities for approximately 16000 acres of valuable but dangerous mountain — 
water-shed, hazardous to the communities of Altadena, Pasadena, South 
Pasadena, Sierra Madre, Arcadia, San Marino, San Gabriel, and Rosemead, — 
with a group population of more than 300 000. 

The only feature of the plan, not included in similar projects now under / 
construction (1935), is the water system. The quick, economical. delivery of — 
the large quantities of water required, presented many new and unusual — 
problems which were complicated by the steep grades and topography — 
encountered. These problems were solved, however, and an adequate water 
system was designed which would enable fire-fighters to reach any point in_ 
the area with heavy streams of water under gravity pressure, by the extension _ 
of not more than 500 ft of hose. 

As designed, the main storage reservoir of the system is located above > : 
the highest point in the area to be protected, and will have a capacity of 
1000000 gal. Water will be delivered to this reservoir, either from a rain- 
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fall catchment area, or by gravity flow through 4000 ft of 6-in. pipe line 
constructed into Millard Canyon, where an adequate, reliable stream of 
water is always available. 

From this reservoir, 6-in. steel pipe lines will carry the water down the 
main ridges to eight secondary reservoirs of the system, which are necessary 
for pressure regulation and additional storage. From these reservoirs, 6, 4, 
and 3-in. pipe lines will extend to roads, trails, motorways, and other strategic 
points throughout the-area. One hundred and fifty fire hydrants, fitted with 
adapters to permit instant connection of either the 1}-in. hose used by the 
Forest Service, or the 2}-in. hose used by County Fire Departments, will be 
located along the various water lines. : 

The design will permit full delivery of water from each hydrant, even if 
all the other hydrants of the system are in operation at the same time. Suf- 
ficient water storage is provided to assure an adequate supply for the fight- 
ing of fire throughout the area. At points of unusual hazard, where even a 
city fire stream might not prove effective, small monitors or hydraulic giants 
have been provided to operate under higher pressures and with larger quanti- 
ties of water than would otherwise be possible. 

Specifications provide that all reservoirs shall be constructed in excavation, 
lined with reinforced concrete to prevent leakage, and covered to reduce 
evaporation; and that all pipe shall be Grade A’ steel, mill-tested to 1100 lb 
pressure. 

An area of 1600 acres would be protected in this manner by the project, 
all of which is located in the “high risk zone,” where Forest Service officials 
expect 90% of all fires to start. The total cost of materials and ‘supplies 
required for the construction of this unit of the water system is $69 600. 
Commenting on the project publicly William V. Mendenhall, Supervisor of 
the Angeles National Forest, stated that with such facilities available, his 
men would almost guarantee to suppress any fire in the area with a loss of 
not to exceed 1 acre of water-shed. 

In the higher mountains adjacent to this project, the danger of fire being 
started by human carelessness is reduced materially. If fires do occur, condi- 
tions are such that Forest Service officials believe smaller quantities of 
water will be required for their suppression. Consequently, fewer water lines 
are required in these areas of secondary risk, and the cost of the water 
system per square mile is reduced. materially. 

Before the disaster, the La Crescenta-Montrose water-shed included both 
“high” and “secondary” risk zones. A similar water system, designed to pro- 
tect the entire burned area, could have been constructed at any time previous 
to the fire, at a cost for materials and supplies of $150000. The cost of relief 
labor, or that of labor by the Civilian Conservation Corps, could not be con- 

sidered as a true charge against the project. However, if constructed by 
contract, the installation of all facilities necessary for fire protection would 
not have cost as much as the removal of débris immediately following the 
disaster. 

Unquestionably, sites for débris basins should be purchased and other 
protective measures, as outlined by Mr. Eaton, constructed for the protec- 
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tion of communities from débris flow ‘in case the water-shed is denuded by 
fire. It would also seem logical to spend an equivalent sum of, money. to 
insure against such a catastrophe, by the installation of water systems and 
other facilities necessary to combat, successfully, the many forest fires that 
do occur. This is especially true when the chances are:100 to 1 that, sooner 
or later, the water-shed will be destroyed unless such facilities are provided. 


_R..W. Davenport,” M. Am. Soc, OC. E. (by letter).“*—In studying this 
paper, the writer has been interested in examining, rather critically, the sec- 
tion entitled “Flood Hydrograph Determination”, and some of. the incidental 
observations are submitted herewith. 

Fig. 3 shows the run-off for the basin for the years ending September 30, 
1903 to 1930, plotted against the respective indices of seasonal wetness, or 
the estimated. mean annual precipitation over the basin. expressed. in per- 
centage of the. mean as determined for the period, 1872-1930... The run-off 
from 1916 to 1930 was estimated from the-record of the Sunland gauging sta- 
tion of the U. S. Geological Survey evidently by application: of the drainage 
area ratio (124.5 sq miles + 106 sq miles), and, from 1903 to 1915, the run- 
off. was deduced from the record of the neighboring San, Gabriel Basin. 
These data give the twenty-eight points plotted in the diagram. 

In undertaking to express a general relationship between precipitation — 
and run-off in a problem of this kind, it is a commonly accepted procedure to 
consider run-off,.as a residual after the precipitation hasbeen subjected to — 
losses by evaporation and transpiration, and possibly other losses, usually of — 
relatively minor importance. These losses, like the precipitation, are thus to © 
a large extent the resultant of the operation of meteorological agencies, It.is 
not practicable, of course, to determine the factor representing the losses by — 
direct observation, but it may be determined indirectly by subtracting the 
run-off of a basin from the precipitation for periods selected so as to eliminate 
or to minimize differences due to changes in surface or ground-water storage. 
It is the writer’s observation that for humid regions the factor variesin a 
rather definite and systematic manner, dependent upon latitude, altitude, — 
temperature, and other regional characteristics and that from year. to year 
it has.an amplitude of variation corresponding roughly to that for precipita- 
tion. In arid regions, where the rainfall is insufficient to meet the potential 
demands of evaporation, transpiration, etc., the losses,’ of course, will tend to — 
be smaller and more variable than in regions where the rainfall is ample. : 

. Table 5 has been examined with regard to the indicated losses from 1903 ; 
to 1930, and the results, for groups determined by the. amount of the annual — 
precipitation, are listed: in Table 14. Over the period of. years considered, © 
these data show a definite tendency for the losses in the: Big Tujunga Basin ; 
_to increase as‘ the precipitation increases, For rainfalls, of 30.1 in., and 
more, the losses varied from 22.5 to 32.7 in. and averaged 27.4 in. is haere 
not much. different. from what would be expected in any similarly located i 
humid region of similar temperature and similar quantities of rainfall, . 


> 


a done 


‘20 Hydr. Engr., U!|S. Geological Survey, Washington, DCs 
196 Received’ by the Secretary October. 14, 1935... 
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The curve drawn through the plotted points of Fig. 3 takes an upward 
direction, so that for an annual precipitation of 54.6 in. (index of seasonal 
wetness = 200), the losses would approximate 23.4 in., whereas for the 
“maximum year (1883-84), with a precipitation of 65.8 in., the application 
of the derived relationship by extrapolation, gives losses amounting to only 
18.1 in. However, the facts indicated by Table 14 and the interpretation of 


TABLE 14.—Precipiration, Run-Orr anp Lossss, 
Bie Tusunea Draiace Basin 


Range of precipitation, Number of years Mean precipitation, Mean losses, 
in inches in groups in inches in inches 
20 ANG Tess. 66.6 0602 02 ia 0s cf 16.9 16.2 
710)2 STO ORS ee en 9 24.1 21.4 
30.1 and more............ 12 35.7 27.4 


general experience elsewhere, as noted, suggest that the losses with 65.8 in. 
of precipitation would be materially more than 18.1 in. and might well be 
assumed to be 27 in., or more. This assumption would lead to a reduction of 
‘the estimated seasonal run-off for the maximum: year from 816 700 acre-ft 
to probably not more than 250.000 acre-ft. In view of the rather large differ- 
‘ence thus obtained, the writer would be pleased to have the observations of 
the author regarding it. 

The writer is especially interested in the forms of hydrographs shown in 
. Fig. 6, because they seem to depart from the forms that he would expect 
from his experience with comparable streams. The hydrographs seem to 
show that for four successive days, substantially the entire run-off from rain- 
fall on each day cleared the basin within a 24-hr period. General experience 
-and a superficial examination of the rainfall and run-off conditions of. the 
. Big Tujunga Basin suggest that the run-off from the rainfall on a given 
‘day will continue in: substantial, but gradually decreasing, amounts for two 
or three-days after the time of maximum flow from that rainfall. Studies of 
_ characteristics: of streams in this respect have been presented by LeRoy K. 
“Sherman, M. Am. Soc: OC. E.,% and Merrill M. Bernard, M. Am. Soc. C. E.” 
Therefore, the writer is considerably interested to know whether there are 
conditions in the Big Tujunga Basin that warrant the assumption of hydro- 
‘graphs as shown, which are seemingly somewhat at variance with the indica- 
“tions of experience elsewhere. 

- The writer has not examined what, if any; difference these considerations 
cadht make in the conclusions with regard to flood flows. In general, a 
momentary peak of 388 cu ft per sec per sq mile for the Big Tujunga drain- 
age basin as adopted seems a reasonable and appropriately conservative esti- 
mate for the peak flow of a rare flood. 

The compilation of data and experiénce on flood and erosion control prob- 
lems in this paper present a most interesting and valuable contribution. 


"1 “Streamflow from Rainfall by Unit-Graph Method”, Engineering News-Record, 


April 7, 1932. 
12 “An eerie to Determinate Stream Flow’, Transactions, Am, Soe. C.:E., Vol. 
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DISCUSSIONS 


ADAPTATION OF VENTURI FLUMES TO FLOW — 


MEASUREMENTS IN CONDUITS 


Discussion 


By MEssrs. N. F. HOPKINS, AND HUNTER ROUSE 


> 


N. F. Hopxins,” M. Am. Soo. C. E. (by letter)**+~-The experiments 
reported by the authors are interesting as confirming the formulas. Especi- 
ally interesting are the experiments showing that the velocity is uniform 
throughout the cross-section of the flume at such comparatively low 
velocities. 

It would seem as if the theory could have been set forth in a more 
simple manner. The velocity increases with the drop in the surface from 
the back-water to the flume, whereas the area of the cross-section decreases 
with the drop. The quantity is the product of the area and the velocity. If 
there is no drop, there would be no velocity and quantity; and, if the drop 
is a maximum, there would be no area and no quantity. At some point, 
the product of the velocity and the area is a maximum. 

For example, in addition to the notation of the paper, let p = the pitch 
of the sides of the flume; Z = the elevation of the back-water above the 
bottom of the flume plus the velocity 


i: Hy head at back-water, minus the friction 

: loss in entering the flume; H, = the 

Rees hee ee es velocity head in the flume; d = the depth 
: EA of water in the fume = Z — Hy (see — 

Chaar Fig. 11);0°V. = the’». velocity... 'in 


the flume = a/2g Hy; and A = the area of the water section in the flume. 
Furthermore, let a = Bd — A, then; 


A= Bd-—-a= BZ — B Ay — G. 5.0... eos sue (22) 


Q=AN 29 Hy (BZ —BHy—a) =A 29 (BZ HY” — BH?" — a Hy") .(23) 


Notr.—The paper by Harold K. Palmer, M. Am. Soc. C. B., and Fred D. Bowlus 
Cee MT ated Sot Or e. was ea Get September, 1935, Proceedings. This discus- 
eedings in order tha e views ex 
all members for further discussion. sped as ak ee pat 
* Civ, and Min. Engr. (Harrop & Hopkins), Pittsburgh, Pa. 
15a Received by the Secretary October 11, 1935. 
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and for a maximum value of Q: 


dQ 20 (24 3B Hs i ) 
See) 9 — 0) 


dH, = 2 1g) ) os 9 H,?* 


In Equation (24), the quantity in parenthesis equals zero, and, conse- 
~ quently, BZ — 3 BH, — a = 0; that is: 


4 Z a 

a RAN RRA een CEN: ERNE Sed eon ahace Secx eT aot (25 

leiieaqee3 iB 
For a rectangular flume, a = 0 and Equation (25) becomes H, = 4 
ag 3 

~ and Equation (23) becomes: 
OF S84 3:09 BZ hen. bbs wis audlensh-cldacnea OB) 
For a V-shaped flume, in which a = pA Apert I Equation (25) is: 
Hage =a OZ eicaes oF a. Dan diesen) 
and, Equation (23) is, 

6 Sa. 90% ip Died. odd talh, font. 2d anl28) 


For a trapezoidal flume, in which a = (Z — Hig) Dp Equation. (25) 
becomes: - 


0.3 b (70.3 b a aaa | 
H, = —— +06Z=— Ges +062) — > (s +2) vos (29) 
Pp p 5° \p 
and Equation (22) becomes: 
A = 6 (2 — H,) AB Zain Hy) ions pas eae COD 


Substitute the value of Hy found by Equation (29) in Equation (80) to 
find A; and in Equation (28) to find Q. . An approximate expression for 


the flow is: 
BOG (he te OD BLES, seer ee 
7 For a parabolic flume, in which a = z (Z — Hy), Equation (25) 
becomes: ; 
fe EOE 1 0t ee 
Equation (22) becomes: 
fh, BBA: cesnilh eas ea (33) 
2 ; 
and Equation (23) becomes: ‘ 
QML ORE cakes seule. WA AG) 


Finally, it is necessary to find the value of B for d = 0.75 Z. 


 <pona 


1420 ROUSE ON VENTURI FLUMES AND FLOW MEASUREMENTS Discussions — 


For a circular flume (or, in fact, for a flume of any cross-section), it is 
sufficiently exact to assume that, 


On STEA SG AE RRBs agp eee eles 
in which A is the area of a section of the flume, the depth of which is 0.75 Z. 


Hunter Rouss,* Esa. (by letter).“°*~—In so far as the subject-matter speci- 
fied in the title of this paper is concerned, the writer must commend the 
authors for their able solution of a practical hydraulic problem. The fact 
is not to be disputed that any appropriate measuring device may be expected 
to yield: satisfactory results once its rating curve has been determined directly — 
or indirectly by volumetric measurement. Hence, the authors were; fully 
justified in choosing a measuring device which eliminated every possible — 
objectionable feature, in adapting it to the needs of the situation, and then 
rating it in place through comparison with a device of known characteristics. 
In view of the accuracy required (an allowable error of perhaps 5%, or’ more), — 
it was not amiss to apply certain empirical checks upon the characteristics of 
flow encountered, and to express the flow equations in simplified form through j 
several common approximations. 

Approximate methods, however, are truly justifiable only if the investigator — 
realizes the fact that the assumptions made do not fully describe the actual © 
state of flow. When the authors claim that their paper “presents the theoreti- — 
cal hydraulic principles involved” in the performance of the Venturi flume, — 
the writer believes that certain supplementary remarks have a definite’ place 
in this discussion. For although the authors state that “the formulas devel- © 
oped for the flume are not empirical but.are based entirely on theory”, the — 
analysis of flow which they have presented is really only the first page of a — 
long and complex story. pak J : 


q = Constant 


Energy Line 


Length Scale Greatly Reduced 


The specific energy diagram used by the authors applies correctly only vy 


flow in long open channels in which the gradual change in surface profile is 


: 

; 

: 

4 Fie. 12 : . 
ty, to 


entirely the result of energy loss, and not of horizontal or vertical contraction 


‘of the flow section. Thus, in Fig: 12 is shown the surface curve in a lon 


4 Tnstr. in Civ. Eng., Columbia Univ., New York, N. Y. 
46a Received by the Secretary October 28, 1935. ’ WEES has 


a 


is the flow. assumed parallel 
- throughout, but the further as- 


emia 


result of contraction of the flow 


.charge curve, which considers the 


_ November, 1935 ROUSE ON VENTURI FLUMES AND FLOW MEASUREMENTS 1421 


channel of mild slope ending in an abrupt. fall, the specifie energy of flow, 


and hence, also, the depth of flow, decreasing in the direction of motion; 
the specific energy must reach a minimum value, for the given rate of dis- 
charge, in the vicinity of the fall, in which region the depth is equal to the 
eritical. It must be remembered that such an energy diagram is constructed 
on the assumption that the flow at every section is so nearly parallel that 
accelerative forces can be ignored; that is, the pressure distribution is con- 


sidered static throughout, so that the sum of pressure head, Ly and 


Y 
elevation, z, must always equal the depth of flow. The vertical distance 


between the energy line and the free surface must then be equal to the velocity 

head. 
The authors’ equations for flow through the Venturi flume, however, are 

practically identical with those used in the customary treatment of the broad- 

erested weir, in which the change i 

in surface profile is entirely the Energy Line at oe 7 Tall hak 


section (see Fig. 13). Not only 


sumption is made that no energy 
loss oecurs.: Hence, instead of 
the specific energy diagram, re- 
course must be taken to the dis- 


Of 


2 r Fie. 138. 
discharge per unit width as a func- 


tion of the depth for a given energy. line elevation. In. the case of two- 


2 
dimensional motion over the broad-crested weir, since « = - + d, the unit 
g 
discharge may then be expressed as: 
q= 2 =Vd=aN 29-8) cece es (36) 


Taking the derivative of q with respect to d, 


ig Ne ee) 


dd 


2e—3d 
and setting this equal to zcro Saray | = 0); and: 


ite ea oot sportier cape rn ae (37) 
3 g | 


ibe ously, the critical depth, dc, derived by. this method must be identical 


with that used by the authors, although the original premises are quite 
different. ere 
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From Equation (36) it is apparent that q must be zero when d = 0 and 
when d = ¢, and will attain its maximum value when d = de. Two such 
g-curves are plotted in Fig. 13, the water surface over the entire length ot 
the weir coinciding with the point of maximum discharge on the smaller 
g-curve. For any other depth of flow the rate of discharge must be less than 
the maximum on the corresponding q-curve as shown in the region of 


- 


approach. : 

As stated by the authors, a single measurement of depth in the throat 
should suffice for the determination of the discharge under these conditions, 
according to Equation (37). As also pointed out by the authors, a definite 
relationship must exist between the critical depth and the depth of approach, 
so that once this relationship is known a single measurement of the latter 
depth would also be sufficient. 

A slightly different use may be made of the discharge curve in a procedure 
that is more directly applicable to the Venturi flume. As suggested to the 
writer by B. A. Bakhmeteff, M. Am. Soc. OC. E., the surface curve for flow 
in either converging or diverging channels may be approximated in the fol- — 
lowing manner: Again assuming parallel flow at constant specific energy 
over a horizontal floor (the velocity then being normal at all points to horizon- 
tal concentric ares of circles), the depth of flow at any section may be 
expressed in terms of the radius, or horizontal distance, r, from the fixed 
center, the total head, ¢, and the rate of discharge per unit width, g. If the 
angle of convergence or divergence of the vertical walls is designated by 6, 
from the law of continuity the total discharge will be: 


Or 6'r Vid = Org constant? oe el ees 


Introducing the discharge per unit width at the critical section (where q 
must again be a maximum): 


Org =O rgd, pnd = he pce eee (39) 
\ Ic r . 
Since, 
2 
e= ai “d= Shy Peniant Ne ey I ek (40) 
29 2 ‘ \ 
gt Vid SON Ophea ee (41) | 


“ 


and at the critical section, 


eal Kya va (2 ) aU D9.% ils, aie (42) 


Substituting Equations (41) and (42) in Equation (89): 


2: 6p OA 9 au heath coe oe oer ee (43) 


€ € £ Ie 


: 
. 
q 
? 


Equation (43) is thus a dimensionless relationship between the ratio of 
depth to total head and either the ratio of the critical radius to the radius at 


ee 
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any section or the ratio of the unit discharge at any section to the critical 
unit discharge. This equation will yield the q-curve and the two surface 
curves shown in Fig. 14. It will be noted that in the region between r = 0 


Values of 


(0) 
10 08 06 04 02 ; 
Values of % Values of Fa 


Ub 


We 0 2 4 6 Tatts 10 12 
Values of A ale 
ga 
Fig. 14. 
and r = re no flow can occur under the assumed conditions, this region 


being known in hydrodynamics as a “singular” zone which does not belong 
to the region in which the function is continuous. 

These relationships may be applied to the Venturi flume having vertical 
side contractions by assuming, as in the case of the broad-crested weir, that 


Tranquil Flow Rapid Flow 


Fie. 15. 


the critical depth occurs over the entire parallel section of the throat. Choosing 
arbitrarily the throat proportions shown in Fig. 15, this method would yield 
the profile given in the illustration. It is clear, as noted by the authors, 
that the hydraulic jump may form at any section beyond the throat, if the 


© oe ee oe oe ee ae 
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f 
tail-water level is raised, for in this region the flow is in the rapid state. { 
Thus, the Froude number, identical with Bakhmeteff’s kinetic flow factor, A, — 


will be: 


pe 2g (e—a @ po # 
2 € 
eee eee He oftdicech Sat Phestaee (44) 
d d aa 


The characteristics of the jump at any section will then depend upon the 
magnitude of ) and of 6 at that section; , of course, must have a value greater 


than unity before the jump can form. The-curve of a against \ is also shown 
€ 


in Fig. 14, 

It should be apparent that a single measurement of. the depth in the 
approach channel would suffice to determine the rate of discharge, the rela- 
tionship between the depth at this point and the magnitude of q being given 
by Equation (43). Although this method has been applied only to straight 
contractions in the horizontal plane, a slight modification would permit 
simultaneous treatment of the vertical contraction of the lower boundary and 
even a study of any curvature of the converging and diverging boundaries. 
It is presumed, however, that the foregoing example will suffice to illustrate 
the point in question. 

Although this procedure is fully as justifiable as the customary elementary — 
treatment of flow over the broad-crested: weir, the resulting picture of flow in : 
the throat region is, to say the least; quite hypothetical. .Actually, neither — 
of the two basic assumptions made is completely fulfilled in the case of either — 
weir or flume, and two major errors are thereby introduced by this element 
line of attack: 


1—tThe energy line is not horizontal, but slopes at a rate which varies 
with the discharge through a given flume or over a given weir. At any given 
discharge, the longer the meter the greater will be the discrepancy in total 
head between the channel of approach and the critical region. Since the 
energy line slopes, there can really be no critical “region” but only a critical 
section; and according to the energy diagram, which must now be used in 
addition to the q-curve, this critical section should be near the end of the 
parallel throat or horizontal crest. 
2.—The flow is not even approximately parallel if the contracted Leen 
is short, and hence the calculations based upon’ assumed static pressure dis- 
_ tribution cannot be correct. The shorter the contraction the greater will be 
the error introduced by this assumption. If parallel flow does not exist, 
surely the expression for critical depth based on this assumption cannot 
apply. Thus, the authors’ statement that the sharp-crested weir is a “control- 
section through which water flows at critical. depth” is a fallacy, since the 
sharp-crested weir is the shortest possible contraction one can. imagine. and 


hence involves an extreme. degree of departure from the basic assumption 
of parallel flow. 


LT en en AE Pin elma i oo 
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In ‘order to clarify the error introduced by this assumption, consider the 
region of the fall shown in distorted scale in Fig. 12. If the length seale 
is given its correct proportion to the vertical seale, the profile of flow will be 
that shown in Fig. 16. As the flow approaches the abrupt drop, vertical 


3 Energy Line 


Section of 
Minimum Energy 


a, 
d 


Fig. 16. 


acceleration will begin, and the nappe will be deflected in the downward 
direction. Since curvature of the filaments requires the action of centripetal 
forces, the pressure will no longer be statically distributed, and the pressure 
head will be less than the depth below the free surface by an amount depend- 
ing upon the elevation and curvature of the filaments. Although the computed 
critical depth. for parallel flow may still be found some distance up stream 
from the fall (a distance varying with the unit discharge, with the slope 
and roughness of the channel,,.and with the degree of ventilation of the space 
below the nappe), the fact that the energy line still slopes signifies that the 
true critical section—that is, that of minimum energy—exists at the fall 
itself, where the flow is highly curvilinear. Unfortunately, the treatment 
of critical flow under conditions of non-static pressure distribution has not 
yet been mastered by the hydraulician. 

The situation at the free over-fall is closely parallel with that at the end 


. of a broad-crested weir and is also an indication of what may be expected 


in the Venturi flume. Furthermore, the convergence of the boundaries 
between the channel of approach and the contracted section itself introduces 
another region of curvilinear flow which by no means can be neglected. If 
the meter is short these two transition regions partly overlap so that at no 
point throughout the contraction can parallel flow be assumed to exist. If 
the meter is long, reaction waves are likely to occur over the entire length 
of ‘the contracted section,. thereby introducing further curvature of the 
pramcnts. 

. These two basic fallacies in the customary reteeien aes presentation thus 
Pe dient a combination of difficulties which can be ignored only in an approxi- 
mate analysis, for it is almost impossible to devise a meter which, for a 
large discharge range, will be both short enough to make the energy loss 
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inappreciable and long enough to insure nearly parallel flow at some definite 
section of the contraction. Not only will the true relationship between the 
actual depth of approach and the theoretical critical depth have to be deter- 
mined by laboratory or field calibration, but the critical section for parallel 
flow—if it exists at all—will shift in position along the crest or throat with 
change in discharge. 

The actual surface profile in a meter similar to that shown in Fig. 15 
may be approximated by sketching in by eye a smooth reverse curve connect- 
ing the two computed portions, as shown. Obviously, no one profile can be 
established which will hold for every discharge, for the section at which this 


| 


surface line intersects the line of critical depth for parallel flow will move — 


in one direction or the other as the discharge varies. Its form will depend 
upon the proportions of the meter and upon the slope of the energy line, each 
of which geometrical relation- 


Energy Line 4 “ 
fey, i ships must be considered. to 
ak change with the depth of the 
Critical Section hi fl 

Surface Curve ford =~ +z approac Oe Pah ; 
As an illustration of the 
Pe actual energy distribution in 
x Ys the throat of the meter, refer- 
ence is made to Fig. 17, in 
rae which it is assumed, for the 
: > time being, that the total head 
yas bie ALL is the same at all depths of 
i Va oye flow. Although the depth at 
= 25 ® es v, this section happens to be ex- 

@—2>2 L ‘actly equal to the computed - 

v ele . 
critical depth, this really has 
y: no significance whatsoever, since 
the pressure distribution is not 
v=: static;, on the contrary, the 

V4 Vf 

\ Fic. 17. : pressure head, (2) » at any 

] . > 2 v1 
elevation, z, above the floor, is considerably less than the distance, (d — z), 


below the free surface, as a result of the vertical acceleration of the fluid 
particles at this section. Although the average velocity of flow as found 


. . . a 
from the equation of continuity, V oer = ne v, 8d, is commonly used 


in the Bernoulli theorem, the latter may be written properly only in terms 
of the velocity vector, v, at any point and not its component, vz, in the direc- 
tion of flow ; thus the true velocity head at any elevation, for the conditions 
shown, is everywhere greater than the assumed mean value, with the sole 
exception of the point at the water surface itself. In general, it may be said 


* eye 2 
that in curvilinear flow both 57 and PL will vary with z, so that the correct 
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form of the Bernoulli theorem must be the following: 


2 
Epa EE mh ney ES eeu en ees (45) 
2g ty 


To the foregoing discrepancies in the assumptions traditionally made in 
dealing with such basic types of flow, there must be added further errors 
arising from variation in total head from floor to surface; from additional 
curvature due to vertical as well as horizontal contraction; from separation 
(change of actual flow section) and eddy formation due to abrupt inlet and — 
excessive angle of divergence; and, finally, from’ partial: drowning of the 
throat because of back-water. Even if many of these difficulties could be 
avoided through the use of a carefully constructed flume, attempts to produce 
a “critical-depth” meter of this kind with a constant theoretical coefficient 
under all passable discharges are quite futile; no meter of this type will yield 


a flow that is dynamically similar under different heads, -for the geometrical 


relationship of the meter profile, water surface, and energy line cannot 
remain constant with changing depth. 

When an attempt is made to analyze the physical state of flow, as under- 
taken by the authors, it is impossible to remain content with approximate 
methods; furthermore, it is not at all justifiable to claim theoretical complete- 
ness when it has not been attained. If the essential accuracy of the authors’ 
experimental work is indicated by their practice of measuring static pressure 
closely enough simply by turning a Pitot tube sidewise, it is obvious that 
further refinement is quite needless; but if hydraulicians intend to use the: 
Venturi flume in the future for more fundamental research, it is to be hoped 
that they will not follow blindly such approximate and empirical paths. 

One must not conclude from these pages that the simple methods of 
attack are without value. On the contrary, if the full significance of the 
elementary facts contained in this discussion were more fully realized, 
the Boussinesq number would not have appeared in hydraulic literature on 
Venturi flumes, nor would much of the search for a true critical depth meter 
have been undertaken. 
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DISCUSSIONS 


STABILIZING CONSTRUCTED MASONRY DAMS 
BY MEANS OF CEMENT INJECTIONS 


Discussion 


By JAMES B. Hays, M. AM. Soc. C. E. 


' James B. Hays, M.' Am. Soc. C. E. (by letter).°*—This is an unusually 
clear and detailed exposition of the general subject of grouting. The author 


os Se en ca «irl 


has given, or outlined, a routine to follow in grouting that will apply to most — 


conditions, particularly in foundation work. Variations in the behavior» of 


different holes develop almost immediately since no two holes:are alike. The 
operator or engineer must “feel” his way, depending on the pressure developed 
and. the rate of flow of the grout which can be varied by changing the mixture. 

Equipment for grouting has been developed gradually from makeshift 
apparatus into machinery specially suited for the work... Pumping grout has 
generally replaced the practice of forcing it:in by compressed air. Engineers 
and’ operators who have worked» with both systems prefer the continuous 
flow and positive drive: as given by the pump, rather than: the intermittent 


» method with the possible danger of getting air into the hole. Mr. Cole has 


given an excellent: description of the equipment, but the bikteti would like to 
know more about the pistons and cylinder liners. 

Although regular cements are the most generally used, the writer, after 
handling approximately 40000 bags of cement screened through a-No. 200 
screen, is inclined to think that it has some advantages, one of which is that 


the cement remains in suspension for a longer time and does not clog fittings © 


as quickly. Certainly, small cracks and seams are more likely to be grouted 


with the coarse particles removed than if they are left in or, to carry it a step 


further, if sand is added. The writer is strongly opposed’ to the use of sand 


in grouting except in extreme cases and will admit that the leakage into the 
reservoirs through the up-stream faces could probably be stopped by no other > 


method. Sand has a tendency to settle particularly when used with thin 


~ Norn.—The paper by D. W. Cole, M. Am. Soc. C. E., was published in February, 1935, 
Proceedings. Discussion on the paper has appeared in ’ Proceedings, as follows: August, — 


1935, by Messrs. Oren Reed, F. F. he bene and Joseph Wright ; teen 1935, La 
Charles W. Fenn ia M. Am. Soe. C. B -; and October, 1935, by V. . Minear, Assoc. M.. 
m. Soe. C. E. 


*Wner., U. S. Bureku of Reclamation, Denver, Colo. ‘ 
%@ Received by the Secretary September. 16, 1935. ‘ 1 Agee 


——- 


Le 


ere 


November, 1935 , HAYS ON STABILIZING CONSTRUCTED MASONRY DAMS 1429 


mixtures. Very little cement, if any, remains with it to form a tight filler or 


to bond the particles together. Instead, it will be found in a porous condi- 


tion. Many grouting jobs have been only partly done by the inclusion of sand. 
When the top of a concrete-lined tunnel is filled, with sand in the grout, it 
will carry.a load but cannot always be considered to be water-tight. The 


- writer would suggest. that. before grout is used with sand, test cylinders be 


made. using the proposed mix. Naturally, very fine sands will remain in 
suspension longer than coarse grades. 

In the case cited by the author the leaks were low down, and the sand 
could be depended upon to settle to the low. point. If leaks are higher, or if 
water is washing grout away as fast:as it is pumped in, a floating substance 
such as sawdust often does the. work of stopping the leak. Rolled oats, bran 
(mill feed), and other substances can be used until the leak is stopped, after 
which straight’ cement is used to the point of refusal. sf 

When leaks are on the surface and are known in advance, the writer has 
found it. convenient to patch a considerable part of the leak before grouting 

is begun, leaving small outlets at frequent intervals for the escape of water, 
air, and thin grout. The final sealing of. the patch can then be. completed in 
short order. . Various materials are used in patching, such as wedges, oakum, 
strips of cloth, lead wool, and quick-setting cements. The writer has had 
better results with a quick-setting cement mixed so as to give a flash set, and 
applied to the leak in a dry form. The leak furnishes sufficient moisture to 
cause the mix to set. Where cracks are wide, they are generally caulked with 
oakum, lead wool, or other material first, after which a quick-setting cement 
mixture is applied as soon as the leaks appear. 

It is convenient, and a widespread practice, to designate the grout mix- 
tures by the water-cement ratio (by volume). A water meter reading directly 
in cubic feet is useful for this purpose. Cement is generally handled and 
measured in bags. Grout can be mixed, using any number of full bags of’ 


- cement, and the water can be metered to any fraction of a cubic foot. 


. Ordinarily, the writer favors isolated grouting and would prefer to drill 
a hole and grout it before the other holes in the vicinity were drilled. Usually, 
the specifications require that, when grout leaks through adjacent open holes, 
they be capped and also that the capped hole be grouted as soon as possible. 
The writer has seen grout leak from several holes, and it was absolutely 1mpos- 
sible to start grout into any of the leaking holes before the cement had begun 
to set. As a consequence, the entire area was only partly grouted. Filling a 


- group of holes simultaneously is not satisfactory since each hole takes grout at 
different pressures and each may require a different mixture. However, the 


writer wonders what the difference is between, say, four 25-ft holes and one’ 
100-ft hole. Each of the 25-ft holes would take grout differently and, certainly, 
each 25-ft section of the 100-ft hole has different characteristics,. This is an: 
argument for “stage” grouting as well as for drilling single holes and grouting 
them before other near-by holes'‘are drilled. Then, again, there are exceptions 


to this rule. ie 
Tf the nature of the rock is such that there are seams carrying a material 


that could be washed out and replaced with grout, it would probably be advis- 


: 
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able to drill about three holes and wash between them. The efficiency of the 
washing is generally doubtful. The writer has spent days trying to wash 
clay from a seam in the foundation of the Calderwood Dam, in Tennessee. 
After a few hours the water would run clear. If tested again the following 
day the seam would be found as dirty as ever. After several days of this 
experience, the holes were grouted regardless. The theory was that the clay 
was tight and solid in the joint and would resist leakage from the reservoir. 
This dam was completed in 1930 and five years later there was no increase 
in the originally very small leakage. 

The writer has grouted more than one hole at the same time where under- ~ 
ground connections required that it be done, by feeding small batches to each 
hole in turn, rotating from hole to hole until all were grouted to refusal. 
This method lacks the advantages of continuous flow that is one of the features 
of pumping grout. It can be compared with the intermittent batch system 
that has largely been abandoned. Considerable pains must be taken to obtain 
the proper mixture in each hole where variations in the mix are required. 

The description of the author’s experience in using the “lubrication” 
method and the chemical grouting is appreciated. It would seem that every 
effort was made to get the best possible results from these methods; hence 
the conclusions derived have the highest value. 
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_ THE HYDRAULIC JUMP IN TERMS OF 
DYNAMIC SIMILARITY 


Discussion 


By I. M. NELIDov, Assoc. M. Am. Soc. C. E. 


I. M. Netmov," Assoc. M. Am. Soo. C. E. (by letter).“"—A graphical 
interpretation of the experimental results pertaining to the determination 
of the length of a hydraulic jump is presented in this paper. The actual 
depths of flow varied from 0.032 ft to 0.253 ft and the corresponding lengths 
of the jump, from 1.62 ft (average of the values in Table 1) to 2.50 ft. 

-Two questions arose in the writer’s mind relative to these experiments. 
The first was, whether the experiments with small depths and volumes apply 
to the depths measured in feet and to quantities amounting to hundredths of 
cubic feet per second per second. The situation with respect to weirs shows 
that, notwithstanding the laws of similarity, the discharges of full-sized weirs 
cannot be estimated with a reasonable degree of accuracy. It appears that 
some other factors have a preponderant influence when the scale of a phenome- 
non is increased. These factors may be the air entrained in water flowing 
with high velocity, different roughness conditions, pulsation of: flow, assym- 
metry in conditions of approach, and, perhaps, some others. 

Another question was whether it is entirely correct to designate as the 
length of a jump—the length of its top roller, which ordinarily is longer 
than the length of the transition from one stage to another. For the most 


' part, the surface curve of this transition is concave upward and only near 


the conjugate depth, dz, does it acquire a sharp curvature concaved down- 
ward.” This indicates that the velocities of a high order may occur farther 
down stream than is ordinarily anticipated. 


Nore.—The paper by Boris A. Bakhmeteff, M. Am. Soc. C. B., and Arthur EH. Matzke, 
Jun. Am. Soc. C. B., was published in February, 1935, Proceedings. Discussion on this 
paper has appeared in Proceedings, as follows: March, 1935, by Hunter Rouse, Esq. ; 
May, 1935, by Messrs. Sherman W. Woodward, Robert EH. Kennedy, L. Standish Hall, and 
-Morrough P. O’Brien; August, 1935, by Messrs. F. V. A. E. Engels, Baldwin W. Woods, 
and J. C. Stevens; and September, 1935, by Messrs. Nolan Page, Andrei I. Ivanchenko, 
and F. T. Mavis and A. Luksch. 
2 51 Senior Engr. of Hydr. Structure Design, State Dept. of Public Works, Sacramento, 

alif. 

Sa Received by the Secretary October 14, 1935. 

82“Teber den Heutigen Stand des Wasserbaulichen Versuchswesen’’, von Prof. B. 
Meyer-Peter, Schweizeriche Bauzeitung, February 11, 1922, Fig. 3 
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